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Chapter 1. Introduction to Organic Light-Emitting Devices (OLEDs) 
I. General Background 
Organic Light-Emitting Devices (OLEDs), both small molecular and polymeric have 
been studied extensively since the first efficient small molecule OLED was reported by Tang 
and VanSlyke in 1987 \ Burroughes' report on conjugated polymer-based OLEDs ^ led to 
another track in OLED development. These developments have resulted in full color, highly 
efficient (up to -20% external efficiency 60 Im/W power efficiency^ for green emitters), and 
highly bright (>140 000 Cd/nf DC -2000 000 Cd/nf AC ^), stable (> 40 000 hr at 5 
mA/cnf ) devices OLEDs are Lambertian emitters, which intrinsically eliminates the view 
angle problem of liquid crystal displays (LCDs). Thus OLEDs are beginning to compete with 
the current dominant LCDs in information display. Numerous companies are now active in 
this field, including large companies such as Pioneer, Toyota, Estman Kodak, Philipps, 
DuPont, Samsung, Sony, Toshiba, and Osram, and small companies like Cambridge Display 
Technology (CDT), Universal Display Corporation (UDC), and eMagin. The first small 
molecular display for vehicular stereos was introduced in 1998, ^ and polymer OLED 
displays have begun to appear in commercial products. 
Although displays are the major application for OLEDs at present, they are also 
candidates for next generation solid-state lighting/ In this case the light source needs to be 
white in most cases. Organic transistors, organic solar cells, etc. are also being developed 
vigorously. 
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1. Historical Background 
The first electroluminescence (EL) from organic solids was reported in 1963 by Pope 
and coworkers *. The material used was single crystal anthracene. Following studies on 
anthracene OLEDs using powdered graphite electrodes yielded high quantum efficiency 
devices ^ (external quantum efficiency - 4-6%). These achievements did not stimulate 
interest in industry due to the high driving voltage of the devices (-100 V), which was due to 
the - 100 pm thickness of the anthracene crystals. 
On the other hand, Vincett ^ used vacuum sublimation to deposit amorphous thin films 
of anthracene. The voltage dropped, demonstrating that vacuum sublimation is a viable 
method of producing small molecular organic EL devices, since it yields uniform thin films 
deposited over a large area. However, in the early single layer devices, the recombination 
zone was close to the injection contact and the external quantum efSciency was less than 
0.1%. 
The breakthrough was achieved by Tang and Van Slyke in 1987/ who described a 
double-layered hetero-structure EL device with good efficiency (external -1%) and low 
operation voltage (-10 V). This breakthrough showed the potential of organic materials as an 
efficient emissive technology applicable to displays and stimulated the worldwide extensive 
studies on OLEDs. 
Following the success in fabricating small molecular OLEDs, in 1990, Friend and 
coworkers ^ described the first polymer LED, in which the luminescent poly-(para-phenlene 
vinylene) (PPV) was fabricated by spin-casting a precursor polymer onto indium tin oxide 
(ITO)-coated glass and then thermally converted to PPV. Unlike molecular film, where there 
is only a weak Van der Waals attraction between molecules, the polymer chain is held 
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together by strong covalent bonds. Also, in polymer film, the chains are typically entangled, 
which further increases the mechanical strength of the film. The molecular weight of polymer 
is too large to be thermally evaporated, thus the standard deposition method is spin casting, 
for which high vacuum is not needed as in small molecular OLED fabrication. 
Progress in OLED technology has been very rapid. Figure 1.1 ^ shows the progress of 
inorganic and OLEDs over time. As clearly seen, the pace of OLED improvement has been 
very impressive. 
OLEDs have some very attractive advantages in large area displays. Emissive like the 
phosphorescent screen of a cathode-ray-tube (CRT) but thinner than an LCD, it has the 
potential of creating a whole new breed of portable displays. Because it is emissive, OLED 
provides full angle viewing. The efficiency of OLEDs is now also high. Current commercial 
product including multi-color passive matrix displays for car stereo panels, available from 
Pioneer Corp. and an alphanumeric cellular phone with blue-green OLED display from 
Motorola. Full color passive and active matrix high resolution OLED-based displays are 
being developed intensively and prototypes include Kodak and Sanyo's 15-inch full-color 
active matrix display ^ (Figure 1.2). OLED are also promising for flexible displays, but they 
require flexible coatings which will product the devices from oxygen and water. ^ 
2. Inorganic vs. Organic Semiconductors 
Inorganic semiconductors are generally characterized by the strong covalent bonding 
between the atoms in the lattice. For facile charge transport, a strong exchange interaction 
between overlapping atomic orbitals in a close-packed structure is required. The mobility of 
carriers is high in inorganic semiconductors (-1000 cm^/V-s). Due to the band-like nature of 
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Figure 1.1. Comparison of progresses in inorganic and organic light-emitting devices 
Figure 1.2. Kodak-Sanyo 15" Active-Matrix OLED display 
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their electronic structure and the recombination of electrons and holes may result in interband 
emission of light. Dielectric charge screening is more efficient in inorganic semiconductors, 
where typically 10. In turn, polarization energies are small and the resulting electron-hole 
binding energies are small, 4.9 meV in GaAs. Hence the bound electron-hole pairs, called 
Mott-Wannier excitons thermally dissociate at temperatures well below room temperature, 
where AT = 25 m eV. 
Organic semiconductors are molecular semiconductors, which are characteristically wide 
gap, with low carrier mobility and low melting point. Most organic semiconductors should 
really be designated as insulators. They are called semiconductors because their dark electric 
conductivity increases exponentially with temperature and some other properties are similar 
to those of inorganic semiconductors. Semi-conducting or conducting properties in organic 
materials usually derive from the presence of extended ? orbitals formed by overlapping 
orbitals. Thus the term ^-conjugated material is often used. The intermolecular separation is 
large in organic materials so that the molecular energy levels are relatively less disturbed. 
Organic materials are characterized by charge localization to a single molecule, their 
dielectric constant is low and polarization energies are as large as 1 eV. The binding 
energy of excitons is large (-1 eV), and hence the excitons are localized Frenkel excitons. 
Because the mean free path of the carriers is of the order of the intermolecular distance, the 
conduction and valence bands are not well defined. The transport properties of thin organic 
films are dominated by carrier hopping from site to site in the disordered organic film. The 
carrier mobility is much lower in organic materials, typically 10"*-10~* cm^/V-s. 
Light emission from organic semiconductors is due to exciton decay. If the spins of the 
recombining carriers are uncorrected, then simple spin statistics mandate that of the resulting 
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excitons, 75% will be triplet excitons (TEs) and 25% will be singlet excitons (SEs). In 
inorganic semiconductors, since the exciton binding energy is small, the exciton is relatively 
delocalized, the exchange interaction between the electro and the hole is small, and the 
singlet and triplet wavefunctions are almost identical. In fluorescent organic semiconductors, 
only the SEs radiate, hence the upper limit of the internal quantum efficiency is 25% in 
fluorescent OLEDs, while it is 100% for inorganic semiconductors. Fortunately, 
phosphorescence, i.e., the radiative decay of TEs, can also be achieved to get nearly 100% 
internal efficiency in OLEDs. 
The optical energy gaps of organic semiconductors are -1.5 to 3.5 eV, thus their emission 
spectra span the visible region. Because the interaction between organic molecules is the 
weak Van der Waals interactions rather than strong covalent bonding, no strong chemical 
bonds need to be broken at the interfaces or surfaces of molecular materials, and there need 
not be any surface or impurity states within the semiconductor gap. Hence, from a device 
point of view, the interface requirements are greatly relaxed and relatively simple fabrication 
techniques can be used very successfully to fabricate multilayer device structures. This 
renders organic semiconductor device fabrication much easier and cheaper than inorganic. In 
particular, large-area, or bulk fabrication of organic semiconductor devices is feasible, in 
contrast to the difficulties encountered in crystalline inorganic semiconductor technology. 
High mechanical flexibility of organic thin films allows for compatibility with a large 
number of substrates, including flexible substrates. Due to the strong covalent or ionic bonds 
between atoms, the growth of crystalline inorganic thin 61ms requires a close lattice match to 
the underlying substrate. This limits the combination s of inorganic materials. The 
intermolecular Van der Waals interaction enables growth of crystalline organic solids with 
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substantial lattice mismatch, which results in a large number of organic hetero-interfaces 
being possible. 
Unlike inorganic semiconductor devices, which use crystalline structure, the thin organic 
layers of OLEDs are typically amorphous. The amorphous structure leads to a reduction in 
quenching of the radiative decays from internal conversion processes present in strongly 
coupled, crystalline organic systems, since many phonon modes are associated with the 
crystal lattice. Consequently the radiative recombination efficiency of Frenkel excitons 
increases. 
Organic materials also have unique optical and electrical properties. For example, they 
normally have large Franck-Condon shift, which makes them transparent to their own 
emission. This largely eliminates self-absorption in OLEDs and has enabled the development 
of transparent OLEDs. 
3. Molecular structure and electronic processes in organic materials 
(1). T-conjugated materials 
Chemically, organic semiconductors are ^-conjugated materials, i.e., materials in which 
single and double (in most cases) or single and triple bonds alternate throughout the molecule 
or polymer backbone. 
Carbon-carbon double bonds are formed in a process called sp^ hybridization. In this 
hybridization, the j  orbital combines with only two of the three orbitals. Threehybrid 
orbitals result, and one j? orbital remains unchanged. The three orbitals lie in a plane at an 
angle of 120° to each other, with the remaining jp orbital perpendicular to the plane. (See 
Figure 1.3a) 
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Figure 1.3. (a), sp^ + orbitals (b) Orbitals in ethylene (C2H4). 
When two ^-hybridized carbons approach each other, they form a G bond by .%/-
^overlap. At the same time, the un-hybridizedp orbitals approach with the correct 
geometry for sideways overlap, leading to the formation of % bond (Figure 1-3 (a)). The 71 
bond has regions of electron density on either side of a line between nuclei but has no 
electron density directly between nuclei. The C=C double bond in ethylene is both shorter 
and stronger than the single bond in ethane because it results to the sharing of four electrons 
rather than two. Ethylene (C2H4, Figure 1.3 (b)) has a C=C bond length of 133 pm and a 
strength of 61 IkJ/mol. C=C bond is considerably less than twice as strong as a single bond 
because the overlap in the % part is not as effective as the overlap in the a part. 
Figure 1.4 shows the six ? molecular orbitals of benzene, which virtually exists in all 
organic materials of interesting. The carbon atom in the benzene molecule has three sp^ 
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orbitals with the inter-bond angle of 120° on the same molecular plane for sigma-bond 
formation and a 2p% orbital perpendicular to the molecular plane. In the ground state (y/i, 
bonding), the lone 2p% orbitals overlap to form a T-orbital and the electron charge density in 
the ir-orbitals is symmetrically distributed to form two streamer-type layers stretching around 
the ring. Therefore, the number of nodal planes in which the T-electron density is zero, is 
zero. The o-orbitals are symmetrical around the bond axis giving localized C-C and C-H 
bonds. 
The electrons occupying the o-orbitals are localized, and concentrated mainly along the 
antibonding 
bonding 
Figure 1.4. The six benzene % molecular orbitals. Note that as the energy increases, the 
number of nodal plane increase from 0 in bonding case to 3 in antibonding case. 
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line joining the two nuclei and are localized. But the electrons occupying the %-orbitals are 
delocalized over all the atoms so they can move freely inside the molecule. Through such 
mobile ^-electrons, charges can easily propagate from one part of the molecule to another. 
These T-electrons are consequently responsible for the semiconducting properties of un­
conjugated materials. 
In any organic molecule, the number of molecular orbitals (MOs) is the sum of the 
number of atomic orbitals. If a MO has lower energy than the starting atomic orbitals, it is 
called bonding; if it is higher, it is called antibonding. 
In the important case of benzene, there are six ir-MO's. In Figure 1.4, if the adjacent p-
orbitals are of the same color, they form bonding orbitals; otherwise, they form antibonding 
orbital, and there is a node in between with ir-electron density being zero. The lowest-energy 
%"MO has no node between nuclei and is bonding. The ?MO of the next lowest energy, 
and y/3, has two nodes (one nodal palne) between nuclei and is also bonding. Abovey/2, and y 
3 are two antibonding irMOs, y// and y/;*, each has four nodes (two nodal planes) between 
nuclei. The highest-energy MO, y/g* has six nodes (three nodal planes) and is also 
antibonding. ^2 and y/3, andy/4* and y/, are degenerate. In the ground state, the six 
electrons of benzene occupy the three bonding Torbitals and are delocalized over the entire 
conjugated system, leading to the observed 150 kJ/mol stabilization of benzene, v/2 and ^3 are 
called the highest occupied molecular orbitals (HOMOs) and y//, y// are called the lowest 
unoccupied molecular orbitals (LUMOs). The HOMO corresponds to the top of the valence 
band in inorganic semiconductors and the LUMO corresponds to the bottom of the 
conduction band. Both are very important in the study of organic semiconductors and 
OLEDs. 
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And similar to amorphous inorganic semiconductors, the amorphous nature of the organic 
layers in OLEDs results in highly localized electronic states with a random but relatively 
broad density-of-states (DOS) distribution of energy. The primary contribution to the energy 
disorder is the interaction of the charge with all of the dipoles in the surrounding medium." 
In the amorphous structure, each molecule is randomly oriented, and experiences a different 
environment. Thus the intermolecular orbital overlap varies, which affects the transport 
behavior. In polymers, topological defects, either intrinsic (e.g. kinks, torsional 
conformations, cross-link with neighboring chains, etc.) or external (e.g., H, O, CI, or F 
atoms) can interrupt the conjugation in the otherwise long polymer chain. Thus conjugated 
polymers are actually an assembly of conjugated segments with random length, which is the 
major source of energetic disorder. In molecular glasses, estimates of the energy disorder 
have been made by charge mobility measurements, which shows they are in the range of -0.1 
eV, comparable to the bandwidth. ^ 
(2) Excitations in T-conjugated materials 
One of the first theoretical work on excitations of ^-conjugated materials was by Su, 
Schrieffer and Heeger (SSH) ^ on the simplest conjugated polymer possible - trans-
polyacetylene with a degenerate ground state since the infinite chain of it has two equivalent 
structures with the same energy. They found that the bond alternation defect is not localized 
at a single carbon site, but is spread over some 10 to 15 carbon sites. The soliton was invoked 
as the fundamental excitation in this long chain polymer, and the delocalization is crucial to 
the energetics of the stabilization of the soliton. In the SSH model, the soliton has associated 
with it an energy level that lies at mid-gap and is of nonbonding character. 
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In polymers with a nondegenerate ground state, such as PPV, the two alternative senses 
of bond alternation do not have the same energy. Then the soliton is not a stable excitation 
since the high-energy form can only exist over a finite length of the chain. The charged 
excitations are now termed polarons or bipolarons and represent localized charges with an 
accompanying local distortion. Polarons and bipolarons may be considered as equivalent to a 
confined soliton pair and the two nonbonding mid-gap soliton states form bonding and 
nonbonding combinations, and produce two gap states symmetrically displaced about mid-
gap. These levels can be occupied by 0,1,2,3, and 4 electrons, giving a positive bipolaron 
BP^ 
[ 
2A 
] C 
SE 
J L 
TT 
± 
•if 
BP2' 
Figure 1.5. Polaron, bipolaron, and singlet exciton (SE) energy levels in a nondegenerate 
ground state polymer with energy gap 2A. The soliton energy level is in the middle of the 
gap. 
(BP^), positive polaron (P^), polaron exciton, negative polaron (P ) and negative bipolaron 
(BP^ ), respectively. A schematic figure of these excitations is shown in Figure 1.5. 
Like an electron, a polaron is a spin 1/2 species; bipolarons are spinless. A bipolron has a 
greater degree of relaxation than a polaron and this stabilizes the coalescence of two like-
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charged polarons to form a bipolaron. 
Physically, polaron formation is driven by the electron-phonon interaction, which is 
particularly effective in organic materials since they have both strongly coupled 
intramoleclular phonons and many low energy intermolecular modes. At low temperature, 
the phonons dress the mobile electrons and holes forming large polarons and leading to an 
increase in their effective mass. As T increases, the phonon interaction leads to narrowing of 
the electron bandwidth, and to the formation of a small polaron, i.e., the electron is localized 
on a single molecule, which is distorted to accomodate the extra charge. The transition from 
large to small polaron was found to be well below room temperature even in crystalline 
compounds with favorable molecular arrangement.^ 
Exciton dynamics are of primary importance in light emitting materials and OLEDs. An 
exciton is a bound electron-hole pair. If the pair is localized on one molecular unit and 
typically has a large binding energy (-1 eV), it is a Frenkel exciton. If it extends over many 
molecular units and typically has a low binding energy (a few meV), it is a Mott-Wannier 
exciton. The intermediate case, where the exciton extends over a few adjacent molecular 
units, is called a charge-transfer exciton (CTE). 
In inorganic semiconductors the carriers have low effective masses and the materials 
have a relatively high relative permit!vity, so the excitons are usually Mott-Wannier. In 
organic semiconductors, the carriers have high effective masses, and the permitivity of the 
materials is relatively low so the excitons are Frenkel excitons. 
Due to the large exciton binding energy, the electron-electron exchange interaction must 
be considered for Frenkel excitons. The result is that SEs and TEs are of different energy, 
with the SE energy typically 0.4- 1.1 eV higher. The TE is considerably more localized than 
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SE. Calculation by Shuai et al.^ and Beljonne et al.^^ verifies that the TE in PPV is stabilized 
by 0.65 eV compared to the SE. 
If an exciton extends over two or more identical molecular units, it forms an excimer. An 
exciplex is formed if the exciton extends over two or more different molecular units. 
The systems studied in organic semiconductors normally have significant electron-
phonon interaction. Thus the exciton is called polaronic exciton and its transportation is more 
appropriately described by hopping between sites. 
(3) Electronic processes in organic semiconductors 
In principle, all the macroscopic properties of a system can be deduced once the 
wavefunction be obtained by solving the SchrOdinger equation. However, in reality, even the 
simplest molecules are too complex to yield analytical solutions. 
The treatment of transitions is generally performed within the framework of the Bom-
Oppenheimer (BO) approximation, whose use is based on the fact that there is a large 
disparity between the nuclear and electronic masses. Since the mass of nuclei is much larger 
than that of the electron, the electrons can be considered to response instantaneously to any 
change in the configuration of the nuclei. Thus in determining the energy level of molecules, 
one can fix the nuclear position and solve the electron energies in a static potential. 
The B-0 approximation results in the Franck-Condon principle in optical transitions. It 
states that there are no changes in the nuclear coordinates during an electronic transition and 
the most probable vibronic transitions are vertical, since electronic transitions take place in 
<10"^ s, as compared with 10"^ -10"'^ s for nuclear motions. These vertical transitions are 
also called Franck-Condon transitions. 
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Following the emission or absorption of a photon, the vibrational state of the molecule 
relaxes. This leads to a red-shift in the emission spectrum with respect to the absorption 
spectrum, known as Franck-Condon shift. In organic molecules, the Franck-Condon shift is 
normally large (up to 1 eV). Consequently, the molecules are transparent to their own 
emission. As mentioned before, this property can be exploited to make transparent OLED. 
In molecular transitions, the electrons of interest are those in the HOMO because they are 
most likely to participate in electron transfer or optical transitions. We will now consider 
electronic dipole transitions. 
Ignore the rotational wavefunction, the probability of exciting the molecule R,^ can be 
expressed as: 
The electronic wavefunction is the product of two non-interacting terms: Ye (only 
depends on the spatial coordinates of the electron), and \|fs (only depends on the spin 
coordinates). is vibrational state wavefunction. Z and w denotes the initial and final state for 
the transition. 
The dipole moment operator M appears only in the electronic term because the nuclei 
cannot respond rapidly enough to optical frequencies and the spin is insensitive to the electric 
Dipole allowed transitions are those for which the first term in Eq. (1) being nonzero. 
Since M is a sum of odd operators, this term vanishes unless 1 and u are of opposite 
symmetry with respect to the inversion operator. Since the ground-state wavefunction of 
(1) 
field. 
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most vr-conjugated materials is state, the dipole allowed transition leads to odd, i.e., w-
excited state (18%). 
The second term is called Franck-Condon factor. As mentioned before, the electronic 
transition is vertical. The last term defines spin selection rule. For spin allowed transition, 
e.g., singlet - singlet, this term is 1. For spin-forbidden transition, i.e., singlet - triplet, it is 
zero. The actual value of the third term depends on spin-orbital coupling. 
In organic semiconductors, excitons are modeled as two-electron systems, with one in a 
partially filled LUMO and the other in a partially filled HOMO. For a two-electron system, 
the total spin may be S=0 or S=l. 
The S=0 state is singlet state, which is antisymmetric under particle exchange: 
Electronic Processes in organic molecules 
In most stable molecules, the HOMO is completely filled in the ground state. Thus the 
ground state wavefunction is spatially symmetric under electron exchange, which determines 
that the ground state is singlet. So usually only singlet exciton can decay radiatively to 
ground state. 
Figure 1.6 shows the Electronic Processes in molecules in the form of Jabilonski 
diagram. 
(2.1) 
The S=1 has three states (triplet states), all symmetric under particle exchange: 
(2.2) 
3 = 1,^ =-l) = |-i ,-i) 
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Optical absorption of the ground state of an organic molecule normally results in a 
vibronic excited state, i.e., it includes both an electronic and a vibrational excitation. Then 
internal conversion where thermal motion of the lattice removes the vibrational excitation 
density of available 
SanaT state; on 
wrroundin* molecules 
FOR&TE*. DEXTER ^Yhââ, 
Si" 
1-10 ns 
>100 ns 
EE-
Figure 1.6. Electronic processes in organic molecules. S represent singlet state, and T 
represents triplet state. 
and leads to pure electronic excitation occurs. In general, internal conversion is a non-
radiative transition between two states of like multiplicity. 
Intersystem crossing (ISC) is a term describing a non-radiative process involving states of 
different multiplicity. The origin of ISC is an electron-electron interaction that breaks the 
degeneracy between the singlet and triplet energy levels. It can be shown that the spatial 
wavefunction which is antisymmetric under exchange of electrons, i.e., the wavefunction of 
the triplet states, has a lower energy. The ISC rate, from the lowest excited singlet (Si) to the 
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lowest excited triplet (T,), via a highly vibrating level of T] (T;*), depends on the spin-
orbital coupling. 
Fluorescence is the emission which originates from and terminates at the same 
multiplicity. Since most organic materials' ground state is the singlet state So, fluorescence is 
the radiative transition from the lowest excited singlet Si to So. This process is fast with a 
time constant which is typically -1 ns. 
Phosphorescence is the radiative transition in which the initial and final states differ in 
the multiplicity. In most cases, it is from the lowest triplet state Ti to the ground state So-
Since it is a spin forbidden transition, the lifetime of this process is relatively long, typically 
microseconds to milliseconds. 
Radiative energy transfer involves the emission of a photon by donor molecule and the 
subsequent re-absorption of this photon by acceptor molecule. Clearly, it can occur only if 
the fluorescence spectrum of the donor overlaps the absorption spectrum of the acceptor, and 
the medium between the two molecules is transparent to the radiation involved. 
Fôrster and Dexter energy transfer are both so-called resonance transfer processes with 
the necessary conditions being the same as that of a radiative energy transfer. The main 
difference is that no actual emission or absorption of photons occurs in the process. 
The general equation for energy transfer can be expressed as 
D* + A-»D + A* + APr-*D + A + &%4 (3) 
where D is the donor molecule, A is the acceptor molecule, * means an excited state, and 
and Afr are the optical and thermal energies emitted in the process, respectively. The 
interaction between D* and A is expressed by a Hamiltonian H, which could be electrostatic 
(Coulombic or Fôrster), or electron exchange (or Dexter). 
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Fermi's golden rule expresses the probability of evolution from the initial state T;(D + 
A) to the final state Yf (D + A*): 
^=2*VA|(Y, |  # |  ^ 
where p(E) is the density of states. We now treat the Fôrster and Dexter resonant energy 
transfer processes in some detail. 
1. Fôrster energy transfer 
This is a dipole-dipole-interaction-facilitated energy transfer. Fôrster^ first recognized 
that if the emission of the donor molecule overlaps with the absorption of the acceptor 
molecule, then rapid, long-range (<100A) energy transfer may happen without the emission 
of a photon. 
The dipole-dipole interaction Hamiltonian is 
H(R) = ^ ~3^' '^ (5> 
where gy is the relative dielectric constant, is the permittivity of free space, ^ and 
are n the electric dipole moment operators of the donor and acceptor molecules; and 
^ is the unit vector between the donor and acceptor molecules. 
It can be shown that the Fôrster energy transfer rate can be written as 
(^) 
where 
(6) 
\fd(E)F,(E)IE'dE (7) 
T is the observed donor lifetime, N* is the number density of acceptor molecules, Fo is the 
normalized emission spectrum of the donor, F* is the normalized absorption spectrum of the 
acceptor and OA is the total absorption coefficient of the acceptor. Clearly, #o is the donor 
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acceptor distance at which transfer competes equally with the total rate of removal of energy 
from D by any other means, such as radiative or radiationless decay or hopping away. 
Typical values of #o range from 30 to 100À. The energy transfer efficiency can be shown 
to be 
1 
r,n
""~} + (RIRj (8) 
Hence, almost all the energy transferred for R<Ro. Note that 30 - 100A corresponds to a 
minimum acceptor molecule concentration of 0.01% to 0.3%. 
2. Dexter energy transfer 
Dexter extended the theory of resonance energy transfer to exciton states with electronic 
dipole-fbrbidden transitions, i.e. by higher multipole interactions or by electron exchange. In 
the important case of triplet-triplet energy transfer in which the electron exchange is the 
dominant interaction, Dexter showed that the transfer rate could be expressed as 
KD«„r(R) = ~ Pm\ \FD(E)FA(E)dE «c n 
• 2 R / L  
(9) 
where o is the exchange energy interaction between the molecules, E is the energy, 
P D A  
and are the normalized phosphorescence spectrum of the donor and the 
normalized absorption spectrum of the acceptor, respectively, and L is a constant. 
Due to the electron exchange, the energy transfer is a contact type, and hence it occurs only 
over a short distance of-10À. 
In Fôrster dipole-dipole energy transfer, due to the spin selection role AS = 0, the spin of 
both D and A must be conserved. Thus the allowed transitions are: 
'D' + 'A-»'D + 'A* (10.1) 
'D' + ^ A-t'D + W (10.2) 
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Note that since the ground state of most organic molecules is a singlet state, the second 
transition is rare. In addition, to the extent that spin-orbit coupling allows electric dipole 
optical transitions with AS ?K) in complex molecules, FOrster energy transfer can occur by 
the dipole-dipole mechanism. Transfer is likely to be slower than for exchange processes 
where transitions for donor and acceptor are fully allowed. But since the actual radiative 
lifetimes of the triplet states (V) are also long, the long-range energy transfer process may 
still be important relative to radiative process (^D* -» ^D). This is the Forster triplet-singlet 
transition 
V + 'A-» 'D + 'A'. (10.3) 
Triplet -singlet exchange has in fact been detected by the emission of sensitized delayed 
fluorescence in rigid glasses of triphenylamine (donor) and chrysoidine (acceptor). This 
mechanism has also been used to achieve 100% internal quantum efficiency for 
fluorescent dye using efficient phosphor to convert triplets to singlets by pumping the dye.^ 
In electron exchange Dexter transfer, only the total system spin must be conserved, thus 
the triplet-triplet energy transfer is allowed here: 
V + 'A-»'D + W. (10.4) 
Of course, singlet-singlet is also an allowed Dexter transition. However, since Forster 
singlet-singlet transfer is much faster and of longer range, Dexter type singlet-singlet transfer 
is normally negligible compared to Forster type. 
Figure 1.7 shows Forster and Dexter type singlet - singlet transfer processes. 
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Donor' Acceptor ^ Donor Acceptor' ^onor Acceptor Donor Acceptor' (b) 
Figure 1.7. (a) Forster and (b) Dexter energy transfer for singlet - singlet energy transfer 
H. OLED Device Physics 
In general, the physical processes underlying the operation of OLEDs are: charge 
injection from the metallic electrodes into the organic layers, charge transport across these 
layers, electron-hole recombination and exciton emission. Figure 1.8 shows these 
processes in a single-layer device. In this section, I will discuss these processes briefly. 
Vacuum ^4^ 
i i 
EA „ EA: Electron affinity 
IP: Ionic potential 
o B $rro LUMO 
AEe 
$: Workfunction 
S 
n 
HOMO 
IP AE«: Electron injection barrier 
AEh: Hole injection barrier 
Ep: Fermi energy level 
ITO Organic layer A1 
Figure 1.8. Principle of single layer OLED operation 
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1. Carrier Injection 
In organic materials, disorder, low bandwidth, electron-phonon interactions, and 
temperature all work together to localize charges carriers. Thus the primary injection event 
consists of a transition from an extended band-like state in the metal electrodes into a 
localized molecular polaronic state in the organic material. Microscopically, each individual 
transition can be described as a tunneling event from a thermally excited state in the metal to 
the HOMO or LUMO of the target molecule. 
There are two principle mechanisms for injection of charge carriers in the presence of a 
barrier: thermionic emission and quantum mechanical tunneling. 
Vacuum level 
X 
q2'(l67t£r)-qFr 
LUMO jt ^ 
. Metal 
Figure 1.9. Image force barrier lowering at metal-organic interface 
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When discuss carrier injection over a barrier, image-force lowering of barrier height need 
to be considered (Figure 1.9). When an electron is placed at a distance x from a metal 
surface, a positive charge is induced on the surface of the metal. The effect of this charge is 
the same as that of an image charge placed at a distance % behind the surface. 
Kr) = A, = gfr 
lo%Er 16%zr 
g = f r^o 
we get the effective potential barrier height as: 
^ a = W « - % ) - G?) 
v 4 
where is metal work function, %is electron affinity (EA), F is electric Geld, and g is 
electron charge. 
The barrier lowering is 
â<#»=jte (13) 
The above treatment holds for neutral contact between metal and wide-gap intrinsic 
semiconductor, which is the case for organic semiconductors since they are "undoped". 
1). Thermionic Emission 
The first studies by Richardson and Dushman ^ on thermionic emission were on electrons 
from a metal surface into the vacuum. 
Emtage and O'Dwyer (EO)^ solved drift-diffusion equation for the injection from metal 
into a wide-gap intrinsic semiconductor, in which the depletion width is infinite without 
injection. The results involves integral and EO derive that: 
(a) in the low field limit, 2T « 4#st^ 
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J = exp(-ç^ / &T) (14.1) 
and 
(b) in the high field limit 
/  j \  i / 2  
J = ?/(,// — (lÔTra?^}" exp(-^^g /AT)exp(/)'^ 
I 9 V 
(14.2) 
Although not explicitly shown, the backflow current is present. The origin of the backflow 
in wide bandgap organic semiconductors is disorder. 
The existence of disorder in organic semiconductors adds an obstacle to the injected 
carriers. Due to the disorder, a distribution of site energies is created, and carriers injected 
occupy the molecular sites in contact with electrodes and also at the low-energy end of the 
distribution. To move further into the organic materials, the carriers must overcome random 
energy barriers in addition to the image potential. For this reason, most injected carriers will 
backflow into the electrode at low applied field strength. When the electric field is increased, 
the efficiency of injection increment will be more significant than in the case when only 
image force is considered. This thermal injection process has been proved both by Monte 
Carlo simulation ^ and experiment 
2). Field Emission 
At sufficiently low temperatures or for large barriers at high fields, emission due to 
quantum tunneling through the barrier—field emission— can be important. 
Fowler-Nordheim (FN) tunneling theory predicts that 
/ oc exp(-6F) (15.1) 
where F is electric Geld. For tunneling through a triangular barrier, 
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, _ 8;rV2m%^ 
3gA (15.2) 
where A is Planck constant 
At the current understanding of carrier injection, it is widely accepted that thermionic 
emission dominate at low bias, while FN tunneling becomes significant at high bias. 
2. Carrier transport in OLEDs 
In single crystals the trap energy levels are generally discrete, while in amorphous and 
polycrystalline materials they are distributed in accordance with certain distribution 
functions. The latter has been attributed to the intrinsic disorder of the lattice, which is due to 
the variation of the nearest-neighbor distances. 
1) Space-Charge Limited Current (SCLC) 
With no traps, using Poisson's equation: 
and J = qu F(x), with = gp(%) 
we can get Mott and Cumey equation for trap-free SCL current : 
9 J = 07) 
At low applied voltage, if the density of thermally generated free carriers (say /%) is 
F 9 predominant, i.e. gpg/j—))—gu—, the J-V characteristics will be Ohmic. And the 
dF(x)/dx = p/f, (16) 
transition voltage is 
^ 8 
^ 9 g 
(18) 
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With traps confined in discrete energy levels, the SCL current becomes 
r 9 _ F' 
8 < (19) 
e.=. p 
where p, is the trapped carrier density. 
Starting from the Ohmic region, as the applied voltage is increased, the density of free 
carriers resulting from injection can increase to such a value that the quasi-Fermi level Ef 
moves down below the shallow hole trapping level Et, and most traps are filled. The traps-
Glled limit (TFL) Vm. is the condition for the transition from the trapped J-V to the trap-free 
J-V characteristics. 
T, = 1780 K 
O T=141K 1 
a T=180K : 
o T=240K 1 
? T=295K . 
10' 
10" 
10 
Voltage [V] 
Figure 1.10. Current-voltage characteristics of TPD 27nm/Alq3 55 nm OLED at various 
temperature. Inset: Temperature dependence of the power law parameter implying Tc = 1780 
K." 
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In organic semiconductors, the trap distribution is usually found to be exponential. The 
current density can be shown to have the form 
y(Tc/r+i) 
= (20) 
Using this model, Burrows^* derived the width of the exponential trap distribution of 
-0.15eV and Tc -1780K for tris(8-hydroxyquinoline) (Alqs). The results were shown in 
Figure 1.10. 
2) Field dependent mobility 
Unlike inorganic semiconductors, in which the carrier mobility is generally independent of 
the applied Geld, in most organic materials, the carrier mobility is strongly dependent on the 
applied electric Geld. Over a reasonable range of Gelds by time-of-flight (TOF) 
measurements ^^"^conGrmed the phenomenological result. 
!i = H0 exp[-A„/yiexp[/F"2((l/t,r) - (l/kBTa))] <21> 
Or simply ln/^ oc 5" * F'^, where S is a constant, and F is electric Geld. 
The dependence of In // on F^ is of the Poole-Frenkel type. The Poole-Frenkel effect 
describes the electric-Geld-assisted detrapping phenomenon. When a Geld is applied, the 
trap-potential in which a carrier is trapped will be deformed into an asymmetric shape. The 
situation is very similar to Schottky barrier lowering due to image force with the difference 
being that one is in the bulk and the other is in the interface. Both cases result in the F^ 
dependence. 
Although the Poole-Frenkel mechanism predicts a Geld-dependence in agreement with 
experiment, it is not possible to have a high concentration of charged traps in all organic 
29 
materials, as is necessary for the usual application of Poole-Frenkel theory. The temperature 
coefficient of the mobility was found to be independent of the chemical composition, which 
is clear evidence against the dominance of impurity effects. In addition, a deviation of both 
the magnitude of S and its temperature dependence from the prediction of Poole-Frenkel 
theory is observed/* 
Gaussian disorder models and most recently a theory based on the spatial correlation 
of energetic disorder have been suggested. The energy DOS is typically 0.1 eV. Spatial 
correlation can be caused by molecular density fluctuations. In the case of T-conjugated 
polymers, additional energetic disorder arises from the distribution of the conjugation 
lengths. The existence within the polymer of more crystalline and less crystalline regions also 
suggests spatial correlations. 
3. Bimolecular charge Recombination (Langevin recombination) 
After carrier injection and transport, carriers meet and recombine. The recombination of a 
hole and electron releases considerable energy and one must consider how this energy is 
dissipated. Recombination can lead to the creation of a charge-pair state that decays to the 
ground state by emission of a photon plus some phonons (radiative recombination), or 
exclusively by phonon emission (non-radiative recombination). 
For organic semiconductors, the narrow bands lead to very low mobility (< 1 cm^V^S"'). 
In Langevin theory, the mean free path X of the carriers must be less than the radius of 
capture of one carrier by the other. In organic semiconductor, the scattering length is of the 
order of the lattice parameter and the Coulombic capture radius fg is -10"* cm. Hence the 
Langevin requirement is satisfied. 
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Longevin theory is applicable to the case where random diffusive motion of charges is 
dominant and drift can be viewed as a small bias in the time-averaged displacement, the 
average electron-hole pair that approach each other within a distance such that their 
Coulombic binding energy exceeds &T will ultimately recombine. 
The radius of capture fg is defined as the distance where coulombic energy equals the 
thermal energy. 
^ 
4 r, 
„ 2 
r „  =  (22) 
4 AT 
Since the carriers thermalize quickly, the recombination may be viewed as the drift of 
two charges together under the action of the Coulombic field From another stand point, 
we can regard one carrier as static while the other moves with (total) mobility 
(23) 
It can be shown that the recombination rate constant is then 
(24) 
Assuming that the e-h capture process is spin-independent (as implicit in the Langevin 
model), excitons in the triplet and singlet configuration would be formed in the ratio 
VSE/TE = 1/3 . 
There is evidence that in polymers, the singlet and triple exciton formation cross sections 
are not equal. Consequently, 7^/?% )1 / 3 and could be as large as i 36 3? 38 conclusion 
is still being debated intensively. 
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m. Optimization of OLED performance 
In this section, I briefly review the important steps in the optimization of OLED 
performance. 
As a guideline, we first consider the external quantum efficiency ^, which is defined as 
photons extracted in the forward direction per electron injected. 
^ (25) 
where 
X is the fraction of charge carrier recombination in the material resulting in emittable 
excitons, which from spin statistics is presumed to be % in small molecular fluorescent 
OLEDs (but may be higher in polymer OLEDs). In phosphorecent OLEDs, it can be 
nearly 1. 
^ is the photoluminescence quantum efficiency of the emitting material. 
is the fraction of injected charge carriers that form excitons (determined by charge 
balance) 
% is the fraction of emitted photons that are emitted from the device in the forward 
direction. %g is determined by the geometry of device; it typically is —l/n\ where m is the 
index of refraction of the organic material. 
We now consider % briefly. 
The typical OLED structure consists of a planar glass substrate (f^d, ~ 1 mm, =151), 
an ITO anode (fjm- 100 nm, -1.8), organic layers (f„,% -100 nm, = 1.6-1.8) and a 
reflecting metal cathode. 
The output-coupling efficiency is defined as the light emitted out of the glass substrate 
over the total light generated internally. Since the organic layers and the glass have a higher 
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index of refraction than air, organic-air critical angle is the major limiting factor. From 
Snell's law, this critical angle is #c = sin"'(n*ù/norg). 
Assuming the cathode is a perfect reflector, and assuming isotropic emission in the 
organic layer, the fraction of generated light escaping from the substrate is ^ 
= j\inaM = l-cos% = l- i—L 
2 
V y 
1 
A more detailed half-space radiating dipole model predicts the out-coupling efficiency 
2/z^ (for We n^) (26) 
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can be 0.75 n" for isotropic dipole case, and as large asl .2 »" for the in-plane dipole case. 
Under the same assumption, the external luminous intensity distribution (with ## be the 
view angle in the far field) is given by Gu, et al. to be 
2%" / V 
-^-sin 
n V ors J 
(27) 
where 6?^ is the viewing angle at far Geld. This result is similar to the cosine intensity profile 
of a Lambertian emitter. 
To improve the out coupling efficiency, methods like introducing rough or textured 
surfaces,* mesa structures and lenses,^ and the use of reflecting surface or distributed Bragg 
reflectors/* even ordered microlens arrays^ were used. When use a substrate with an index 
matched or slightly higher than the organic and a large lens, the total emitted light could be 
improved as much as a factor of Gve. ^ 
1. Single layer to multilayer device 
Tang and VanSlyke ^ introduced their classic double-layer structure in 1987. In single 
layer devices, the recombination zone is not well defined. Unless the energy levels of the 
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cathode and anode are extremely well matched to the molecular levels of the organic 
compound, and the carriers' mobilities are well matched (which is very rare), the electron 
and hole currents are not balanced. The dominant carrier will then cross the entire structure 
without finding a carrier of the opposite sign with which to recombine. In this case the 
recombination will occur at the appropriate organic/electrode interface, where severe 
quenching of emission will occur. This situation is wasteful of energy and leads to low 
efficiency in the conversion of electrical to optical power. 
In the double layer device (Figure 1.11(a)), a hetero-structure is formed when the 
materials are chosen properly, so one mainly transports holes and the other is optimized for 
electron injection and transport. In Tang's structure, diamine is the hole transport material, 
and Alqa is electron transport and emitting material. This leads to two effects: (i) it blocks the 
transmission of the majority carrier, creating a space charge and balance carriers transport, 
(ii) Electrons and holes accumulate at the diamine/Alqg interface. The recombination zone is 
confined far from organic/electrodes interfaces, so it improves the efficiency significantly. 
Adachi introduced another layer specifically chosen for its luminescent efficiency and 
formed a triple-layer structure (Figure 1.11(b)). Each of the three organic layers can be 
separately optimized for electron transport, for hole transport, and for luminescence. 
The majority of OLED structures in the literature are derived from the double layer 
structure. The reasons might be difficulty in finding proper material just for emission layer, 
and one layer (either hole or electron transporting layer) can act as emitting layer since the 
emission is at the heteroj unction. 
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2. Organic/electrode interface engineering 
The organic/electrode interface is very important not only for carrier injection, but also 
for device lifetime. 
Figure 1.11. Double-layer (a) and Triple-layer (b) OLED device structures 
There is a barrier for electron (hole) injection at the organic/cathode (anode) interface. To 
reduce the device operation voltage, the barrier should be minimized. On the cathode side, 
low work-function $ metals like Ca^ ($=2.9eV), Mg \$=2.9 eV), and Li ($=3.7eV) were 
used instead of A1 ($=4.3 eV). However, low work-function metals are generally reactive 
and unstable in air. Thus, compound cathodes have been developed, which deliver superior 
performance. The most widely used, with the best performance ones were LiF/Al ^ and 
CsF/Al Others like A10% CuO, NaF, Cs acetate, were also reported to improve electron 
injection. The mechanisms behind the behavior of compound cathodes are believed to be 
either the dissociation of LiF or CsF, and/or the formation of a dipole layer across the thin 
buffer layer. 
TWo organic layers 
Three organic loyeis 
(a) 
On the anode side, indium-tin-oxide (ITO) has been the only anode material to have a 
high work function ($-4.8 eV), low resistivity (-2*10"* Ocm) and excellent transparency 
(>90% at 550 nm)'. Zinc oxide (ZnO)* and its variant with A1 doping (AlZnO),^ and 
Zirconium-doped Indium dioxide ^have also been studied. After a cleaning process, such as 
ultrasonic action in an organic solvent, acid treatment UV-Ozone treatment 0% plasma 
treatment all to increase the ITO work function, the ITO's contact with the hole transport 
material (e.g. N,N'-diphenyl-N,N' -bis(3 -methylphenyl)-1, T -biphenyl-4,4 ' -diamine (TPD) or 
4,4'-bis[N-(l-naphyl)-N-phenyl-amino]biphenyl (NPB)) is still not optimized. A buffer layer 
is used to further reduce the barrier to hole injection and also improve the ITO/organic 
contact. One such buffer material is copper phthalocynine (CuPc). ^ By inserting a CuPc 
layer, the initial driving voltage and the device stability are significantly improved. The CuPc 
thickness is <20 nm, so it is not enough to smooth the ITO surface. On the other hand, the 
conducting polymer polystyrenesulphonic acid (PSS)-doped poly(dioxyethylene thienylene) 
(PEDOT) first used in polymer OLEDs, and now in small molecular OLEDs as well, 
smoothes the ITO and improves hole injection. The thickness of PEDOT:PSS can be very 
thick and the device characteristics becomes independent of the ITO properties such as 
surface roughness, inhomogenity, or work function. The thicker layer also reduces the 
probability of pinholes and short circuits. 
3. High thermal stability organic materials 
Basically, the heat stability of an OLED is governed by the glass transition temperature 
(Tg) of the organic materials in it. Low Tg material will easily gets crystallize and degrade the 
device. In a classic CuPc/TPD/Alqa device, the T,s' of organic materials are 
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>200°C/63°C/175°C, respectively. Thus, TPD is the weak link in this structure. By replacing 
TPD with NPB (Tg = 96°C), the thermal stability of the device is largely improved Hole-
transport materials with even higher Tg were also reported as starburst molecules. Another 
example is replacing 4,4'-bis(2,2'-diphenylvinyl)-l,l '-biphenyl (DPVBi) (Tg = 64°C) with 
Spiro-DPVBi (Tg=130°C) in efficient blue emitting devices. 
4. Doping with fluorescent or phosphorescent dyes 
In reality, few organic material luminance with a high PL efficiency in the neat solid 
state. This leads to limitations for high efBciency OLEDs, as seen from the equation of 
external quantum efficiency. However, when some dyes are doped into proper host materials, 
the 1;% is very high and so is the EL efBciency. For example, rubrene in TPD or Alq; was 
shown to have 100%. Doping is also a very important method to tune the color of 
OLEDs. In addition, it is also the key route to achieve highly bright white OLEDs. As 
mentioned in the previous section, crystallization is a major degradation mechanism for small 
molecule OLEDs; doping Alqs or TPD was shown to strongly inhibit the crystallization of 
these amorphous thin films and the lifetime of devices based on them was significantly 
improved. 
Rubrene, perylene, coummin, are examples of fluorescence dyes, for which the energy 
transfer &om the host to the dye occurs via the long range dipole-dipole Fôrster energy 
transfer mechanism. In this energy transfer, only SEs are involved. As mentioned in the 
former section, if the formation cross section of SEs and TEs are the same, then only 25% are 
SEs whose radiative decay gives fluorescence. The remaining 75% are triplets whose 
radiative transition to the ground singlet state is forbidden. 
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Although radiation from triplet states is "forbidden", some materials can emit efficiently 
from the TE state. In such materials, the SE & TE states are mixed, so the radiative decay of 
the triplet state is partly allowed. The most important interaction mixing singlet and triplet 
states is the spin-orbit coupling, which refers to the interaction between an electron's spin 
and the magnetic moment created by the electron oscillating in a closed orbit. To increase the 
spin-orbital coupling, organic materials with heavy metals like platinum (Pt) or iridium (Ir) 
are needed. The first two reported phosphorescence dyes are 2,3,7,8,12,13,17,18-octaethyl-
2 lH,23H-porphine platinum (II) (PtOEP) *\ and fac tris(2-phenylpyridine) iridium (Ir(ppy)3) 
*\ The energy transfer from the fluorescent host to the phosphorescent guest is Dexter 
transfer, which is a contact-energy-transfer and thus requires a relatively high concentration 
(-6%) compared to FOrster energy transfer (-1%). 
The phosphorescent OLEDs (Ph-OLEDs) operates as follow: The host SE transfers its 
energy to the phosphorescent guest SE by Fôrster (mainly) or Dexter energy transfer; the host 
TE energy is transferred to the guest TE state by the Dexter mechanism; then the guest SE 
intersystem crosses to the guest TE; finally, the guest TE decays radiatively, resulting in the 
phosphorescence. 
5. Alternating Current (AC) driving scheme 
Early lifetime measurements used DC continuous operation. It was observed that this 
causes polarization of the device due to charge trapping, which reduces the stability of the 
devices. Using a constant current mode in the forward bias and reverse biasing in the 
constant voltage mode were observed to suppress the increase of driving voltage required to 
maintain a constant current.** It is believed that the reverse bias efficiently prevents a buildup 
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of trapped space charge in the organic layers, accumulated during the current flow in the 
forward cycle, by "de-trapping" them during the reverse bias. Also, the reverse bias may 
cause the bum out of any localized conducting filaments that might connect the two parallel 
electrodes in the thin film device. 
Forrest and coworkers achieved a half-life %i/2> 10^ h in phosphorescent OLEDs with 
AC excitation scheme. 
IV. Fabrication of OLEDs 
Two types of OLEDs with different geometries were fabricated for different 
measurements. 
For ODMR studies, the geometry was - 4.5mm wide by 20 mm long to fit into the 
microwave cavity. The other geometry was for combinatorial studies of exciplex formation, 
for which a 2" x 2" ITO substrate was used and a sliding shutter technique was used to 
fabricate 5x5 = 25 OLEDs with a systematic variation in the thickness of two active layers. 
Prior to device fabrication, the substrates were thoroughly cleaned by ITO detergent, 
electronic grade isoprpanol, and acetone. The substrate was then blown dry by pure Ar gas. 
For the 2"x2" substrate, partial etching of ITO by diluted aquaregia was also performed in 
order to reduce device driving voltage and improve the efficiency of the OLEDs. 
All the fabrication processes were performed in an Ar-Glled glovebox, in which the 
deposition chamber located. The deposition of the organic materials and metals was 
performed in the evaporation chamber by thermal evaporation, in which tungsten filaments 
were the heating source. A co-deposition technique was used when doping was needed. The 
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deposition rates were independently controlled by adjusting the currents of two independent 
power supplies. 
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Chapter 2. Introduction to Optically Detected Magnetic Resonance 
(ODMR) 
I. Background 
Magnetic resonance spectroscopy has been one of the most important experimental tools 
in physics and chemistry. Few other spectroscopic methods offer such direct and detailed 
insights into the structure and dynamics of atoms, molecules and condensed matter. 
A magnetic resonance experiment involves the absorption of a rf or a microwave photon 
that changes the populations of magnetic substates of nuclei, atoms, or molecules with non­
zero total angular momentum. Depending on the origin of the angular momentum, electron 
spin resonance (ESR, also known as electron paramagnetic resonance (EPR)) and nuclear 
magnetic resonance (NMR) are the two major types of magnetic resonance spectroscopies, 
other variants include both electronic and nuclear moments. 
Magnetic resonance spectroscopy study originated from Van Vleck's theoretical work on 
magnetic relaxation ^ and Cleeton and Williams' primitive microwave spectrometer, which 
was used to detect the inversion of the ammonia molecule in 1934. ^ In 1936, Gorter 
introduced a technique to detect a magnetic resonance in solid/ However, it was the great 
radar research during World War II that provided the necessary microwave and electronic 
technology for realizing ESR with sufficient sensitivity and resolution/ Magnetrons, highly 
directional antennas, sensitive crystal detectors, narrow-band amplifiers, lock-in detectors 
and noise-reducing circuits, etc., are among the many critical components invented during 
this period. The first ESR experiment was performed by Zavoisky^ in 1944, and the first 
NMR experiments followed quickly in 1946 by Purcell* and Bloch\ 
A major handicap of magnetic resonance spectroscopy is low sensitivity. To get a 
detectable signal, large numbers of spins are needed (10^*-10'^ for NMR, 10'° - 10^ for 
ESR). Although ESR requires far fewer spins than NMR, it is often not sensitive for the 
monitoring thin films and thin film devices. For example, Due to a low concentration of 
paramagnetic defects, ESR is normally undetectable for polymer and small molecule thin 
61ms/ 
A successful technique to enhance the sensitivity is to transfer the detection of 
microwave absorption by paramagnetic species to the optical domain, i.e., the detection of 
changes of an optical quantity under magnetic resonance conditions. This takes advantage of 
the concomitant increase in photon energy to enhance the sensitivity of the experiment. For 
semiconductors, the approach is based on the fact that recombination processes are often 
spin-dependent. Microwave transitions between Zeeman sublevels may result in a change in 
the absorbed and /or emitted light associated with the excitation. This method is generally 
called optically detected magnetic resonance (ODMR), and it has proven to be a highly 
sensitive method to detect paramagnetic excited states in a variety of organic and inorganic 
materials, usually semiconducting or insulating. Indeed, ODMR is usually 10^ -10^ times 
more sensitive than conventional ESR. As a matter of fact, in 1993 a single molecular spin 
was detected by ODMR on single pentacene molecules embedded in a p-terphenyl host 
ciystal, independently by Kôhler et al/ and J. Wrachtrup et al.. 
ODMR on organic molecules was first reported by M. Shamoff in 1967-68 in the fbnn of 
photoluminescence (PL)-detected magnetic resonance (PLDMR)/' The change in the PL of a 
sample in a microwave cavity was monitored as the magnetic field was varied slowly. 
Shamoff detected the "Am* = ±2" transition in the lowest triplet state of naphthalene through 
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a change in the phosphorescence intensity at the Geld for resonance. In 1973, van Dorp^ 
showed that the change in fluorescence intensity upon a magnetic-resonance transition could 
also serve as a detection channel, which enables the study of non-phosphorescent triplet 
states. Absorption-detected magnetic resonance (ADMR) can be used to study non-radiative 
systems since the absorption or emission of a microwave photon may lead to a change in the 
optical absorption; Clarke et al.^ reported the Grst ADMR experiment in 1972. 
II. Spin-dependent Decay Channels in %-conjugated Materials 
The radiative decay of singlet excitons (SEs) is the source of the PL and EL in 
fluorescent %-conjugated materials and OLEDs. Thus the competing decay channels of SEs 
are of at most importance in OLED research. 
In chapter one, we discussed the excitations in ^conjugated materials, including 
polarons, excitons and bipolarons (or dianions and dications in small molecular materials). 
The interactions among them are important not only for ODMR, but also for all OLED 
development. If the decay process is spin dependent, then an ODMR may occur. 
Former studies distinguished two types of polarons, free and trapped. If the 
recombination of the p^ - p" trapped polaron pairs is nonradiative, i.e., 
j?/ + -» #0 + fAoMOMJ (1) 
where $) is the ground state. This is a spin-dependent process in which the antiparallel 
conGguration is needed for decay. The trapped polarons are thus essentially charge-transfer 
states. They are also efficient non-radiative SE quenching centers, i.e., 
+ j?/ —> (2) 
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Free polarons, to which the injected electrons and holes immediately relax, are the origin 
of the excited singlet states: 
/ + py" -» S"* -»l'.B„ -» Sg + A y + or 
—> 5"* -> S,, + & y + or (3) 
pt -T pj —> 5j —^ Bu —> Sq + h v + phonons 
where is the group theory notation of the lowest state in the singlet manifold of ? 
conjugated materials. To form S/, the two polarons must be in the singlet pair configuration. 
If they are in the triplet pair configuration, they will form triplet excitons (TEs). 
—» 7] or 
-»% or (4) 
These processes are clearly spin-dependent. 
Due to trapping, the lifetime of trapped polarons is much longer than that of free 
polarons. Thus although both trapped and free polarons generate an electrical field, due to 
their long lifetime, the trapped polarons are much more efGcient SE quenching centers than 
free polarons. In addition, the lower energy of a trapped polaron pair may also exclude them 
from forming singlet excitons. 
Bipolarons (or dianions or diacations) are doubly charged spinless excitations formed by 
the fusion of like-charged polarons: 
(5) 
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Since polarons are spin-1/2 and bipolarons are spin-0, this process requires that the like-
charged polarons be in the singlet pair configuration. Bipolaron formation is therefore a spin-
dependent process. 
The most likely decay process for bipolarons is by recombination with a free polaron: 
Thus bipolarons are probably longer lived and have a low mobility. These properties and 
their double charge enhance the role of bipolarons as efficient SE quenching centers, in 
addition to their "consumption" of free polarons, which otherwise can contribute to SE 
formation. 
TEs can also interact with each other or with other excitations. TE-TE annihilation into 
SEs is a well-established phenomenon in some organic systems, e.g., anthracene: 
-»#* —» S,, + A y + (7) 
This process is spin-dependent and was proposed to explain some early ODMR results in 
^-conjugated polymers. However, this process is generally very weak in most luminescent %-
conjugated materials, and the mechanism is ruled out by photoinduced absorption (PA)-
detected magnetic resonance (PADMR) results. 
TEs can also interact with SEs to quench the SEs: 
i.e., TE acts as a SE quenching center. 
The energy levels of the excitations are qualitatively given by the scheme in Figure 2.1. 
(6) 
Tj + Ss —> T, + S() + phonons (8) 
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Figure 2.1. Schematic energy levels of SEs, TEs, trapped and free polarons, and the 
bipolaron manifold in luminescent %-conjugated materials.^ 
HI. The Spin 1/2 Polaron Resonance 
In organic semiconductors, electrons (or hole) interact with lattice, becoming "dressed" 
with a strain field. The resulting particle is called a polaron. The energy of a polaron is lower 
than that of an electron or hole, so it produces a state in the gap. 
When a particle with non-zero spin is placed in a magnetic field, its magnetic energy can 
be expressed by the well-known spin Hamiltonian: 
# = (9) 
Where ^ is the spin of the particle, g is a tensor describing the interaction of the field 
particle with the field , and is Bohr magneton. 
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As mentioned by Gordy, ^ organic molecules have nearly isotropic gyromagnetic ratios 
or Lande g-factor. This is because the electrons in % orbitals are locked in fixed directions, 
relative to the molecular frame, by the electric field of the chemical bonds, and are not free to 
precess or become oriented in an applied magnetic field. Thus the electronic orbital motion is 
decoupled from the spin in a so-called "quenching" process. The result is that the orbital 
angular momentum is effectively quenched and the organic moleclues have nearly isotropic g 
factor close to that of the free electron, which is g = 2.0023. Under this condition, the 
Hamiltonian can be simplified to: 
H = g/%S # H (10) 
For weakly bounded Wannier excitons or polaron pairs, the spin-spin coupling energy is 
negligibly small compared to the Zeeman splitting. The energy levels formed in these 
electron-hole systems can be expressed as 
f = l/2( ±ge ± gh)/? * Ho (11) 
where the subscripts e and A represent electron and hole respectively, and Ho is the 
magnitude of the applied magnetic field. 
Figure 2.2 shows the energy levels for weakly bound e-h pairs (Wannier excitons) in a 
magnetic field. 
A necessary condition for the observation of a resonance is that the populations of the 
spin sublevels be different off-resonance. When the ground state is the singlet state, only the 
singlet pair configuration of the e-h states can decay radiatively to the ground state. Hence 
the decay of parallel spin states 1 and 4 is slower than that of 2 and 3. Hence off-resonance, 
n%, na < ni, n*. At low enough temperature, the spin-lattice relaxation rates are slower than the 
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Figure 2.2. Energy levels for weakly bound e-h pairs in a magnetic field. 
decay rate. Thus this condition is satisfied. When microwave photons with energy 
= or = (12) 
was applied on the sample, they induce a net transfer of population of pairs from states 1 and 
4 to states 2 and 3. The process is called spin mixing, as it tends to equalize the singlet and 
triplet polaron pair configuration populations. 
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IV. Spin-1 Triplet Resonance 
In %-conjugated materials, when a large number of electrons and holes couple to form an 
excited state, if the cross sections for formation of SEs and TEs are the same, only 1/4 will be 
SEs, while the other % will be TEs. Unlike the uncorrected or weakly correlated electron-
hole system we discussed in spin 14 resonance, both SEs and TEs are tightly bounded, or 
Frenkel excitons. Thus the spin-spin interaction must be considered. 
In a magnetic field, the Hamiltonian of a pair of interacting spin-1/2 particles is 
# = + + (13) 
Where is Zeeman interaction of spins, is the spin-spin dipole interaction and 
is hyperfine interaction between electronic and nuclear dipoles. Note there is a much stronger 
exchange interaction which separates the singlet and triplet state. However, it is the magnetic 
dipole-dipole forces between two unpaired electrons that removes the degeneracy of triplet 
states/* Here we assume that the molecule is exclusively in the triplet state. 
The systems of interest in %-conjugated polymer and small-molecular materials are 
mostly disordered. As a result, fast exciton diffusion leads to fast sampling of all possible 
hyperfine environments. On the other hand, the triplet resonances detected ("powder 
pattern") are pretty wide (>200G), so the hyperfine interaction only leads to a slight 
broadening of the triplet resonance. Thus term can be neglected. 
The general dipole contribution to the Hamiltonian of two spins Si and S] is: 
= J 00 
r r 
In matrix form, 
^ * D * ^  , (15) 
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where D is spin-spin coupling tensor, with its component be ^ 
= 
( . m ' A  (16) 
where the bracket means the average over the spatial part of the wavefunction, p is Bohr 
magneton, i, j, = x, y, z are the coordinates of the relative positions of the two spins. 
The D matrix can be diagonalized, and the new basis determines the principal axis of the 
triplet. 
=~ i JrL[(rlfd)s2x + 
= + + (I?) 
Since X + Y + Z =0, only two of the parameters are independent. Choose 
£ > = - ¥ - =  - H g / S ) 2 * ^ 1 )  ( i s )  
e = ¥-= -
then the spin-spin interaction Hamiltonian can be written as 
- i - ^ ( ^  +  i ) ] +  f ( ^ ^  +  ^ ; )  ( i 9 )  
D and E are called zero-field splitting (ZFS) parameters and have units of energy. When the 
triplet state is axially symmetric, E = 0. When E ^ 0, the axial symmetry breaks. So E is a 
measurement of the departure from axial symmetry. The axes x, and z are defined such that 
E is always smaller or equal to D/3, and the z axis is the one split the farthest from the other 
two. The splitting between the X and Y sublevels is 2E. 
The splitting of the TE energy levels in the absence of an external field is shown below. 
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Figure 2.3. Splitting of triplet energy levels in the absence of an external magnetic field 
it sets an upper limit for the extent of the triplet wavefunction. 
y -I |i/3 (21) 
' b'g I 4D I 
The system's Hamiltonian The final form of this system's Hamiltonian now becomes: 
In the cases that the magnetic field H being along the axis of the system, closed form 
solutions for the energy can be obtained. 
The eigenvalues of the spin Hamiltonian depends on both the magnitude of external 
magnetic field and its direction relative to the principal axes of the organic molecule. 
Thus the orientation of the molecule relative to #o will determine the energies of the triplet 
sublevels. 
Figure 2.4 shows the energies vs. magnetic field diagrams of the three triplet states when 
the field is along one of its three principle axes. 
Since 
(20) 
# = + W; _1^ +1)] + E(f: _ ^) (22) 
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The |0> sublevel is the one whose axis is parallel to the applied field. The other two 
sublevels |+1> (and |-1>) are split upwards (downwards) in energy with applied field. 
A and B represent the so-called full-field transition (|-1> -» |0> or |0> -* |+1>), while C 
represent half-Geld transition (|-1> to |+1>). 
Depending on the orientation of the principal axes of the triplet state relative to the 
magnetic Geld, the triplet resonance signal will be detected at different Gelds. When a single 
crystal sample is used, by measuring the positions of the resonance transitions at different 
orientations of the crystal with respect to magnetic Geld, the ZFS parameters can be 
determined. 
|+1) |+1> 
Z 
y 
X 
-1) 
1+1) 
>% 
O) 
Figure 2.4. Energies of triplet levels for a magnetic Geld #o aligned with each of the three 
principal axes. 
55 
Powder patterns 
For triplets in polycrystalline or amorphous samples, a "powder pattern" is formed 
due to the random orientation of the principal axes of the TEs with respect to 
the applied field #o- In OLEDs, all the organic material is in the amorphous state, thus a 
"powder pattern" is expected. While the analysis is somewhat more complex than for a single 
crystal, it is not difficult to extract the ZFS parameters Z) and E from a powder pattern. 
Powder patterns are determined by first finding the resonant magnetic field H, at which 
the absorption of microwaves occur; #o(n, #) is a function of the polar angle # (n = cos 6!) 
and the azimuthal angle 
Detailed theoretical treatment of triplet powder patterns can be found in L.S. Swanson's 
thesis. The simplest case is when E = 0, in which the resonance field is independent of The 
probability of finding at angle # is proportional to sin # d # = -dn. The intensity of 
absorption at #o = H is then: 
dI = Y.A(H,n)^-dH (23) 
q dtt 
where # = has been inverted to » = and m) is the transition probability. 
In general, the full-field powder pattern due to the Am,= ±1 transitions has the following 
critical points: 
singularities at #= #o± ( D-j f )/ 2 g p (24) 
shoulders at = #o ±( D+j 2 g P (25) 
and steps at #= //o± D/gP (26) 
where Ao = A v/ g P 
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The half-field powder pattern due to the Am,= ±2 transitions are much narrower since it is 
dependent on D and E in second order only. The half-field powder pattern has the following 
two critical points: 
A singularity at 
D + 3 E ,  U r  .  .  n  1  \  »  x  ? -, (27) V 
and a shoulder at 
-h * 
(g 
= |fl„Vl-[4(S2+3£ ,)/(g^„) z] 
B^ L U D - B  
sfi V 2 
\2 
A y 
(28) 
= ^ Jl-[(D-E)/2^f 
The following are two typical simulations of full Geld (g - 2, Figure 2.5) and half Geld (g 
4, Figure 2.6) PLDMR triplet powder patterns by Swanson. In Figure 2.5, D = 520 G, E = 
0, and Figure 2.6, D = 602 G, E = 0. 
V. Frequency resolved ODMR (FR-ODMR) 
In the CW mode ODMR, frequency resolved technique can be used to get useful 
information about the lifetimes of the species responsible for the ODMR. The method is 
simple as setting the magnetic Geld on resonance and simply varying the microwave 
chopping frequency The dependence of ODMR on ^ then yields the lifetime(s). 
FR-ODMR has been applied to study the kinetics of radiative recombination.^ It is a 
phase shift spectroscopy technique in which the phase shiA between the microwave pulse and 
the resonant change of the luminescence (PL or EL) is measured to deduce the time constants 
of processes contributing to the recombination. Under resonance conditions, by varying the 
modulation frequency of the microwave power, the in-phase and out-of-phase (quadrature) 
output signals of the lock-in detector are measured. 
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Figure 2.5. PLDMR full field (g~2, = ± 1) powder pattern simulation for D = 520 
G, E = 0. Microwave Gequency is at 9.352 G Hz. 
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2.6. PLDMR half Geld Jm, = ±2; powder pattern simulation for D = 602 
G and E = 0. 
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Following Depinna et al., for a sine-shaped modulation of the excitation, the lock-in in-
phase output signal is: 
A r ( * - T , - K ' T T f b F  ( 2 9 )  
The lock-in quadrature output signal is: 
y ( w , T )  =  ^  ^ (30) OT 
1 + (<ur ) 
The total output signal then has a form 
+ 
(31) 
In all these expressions, r is the lifetime and w is the chopping 6equency of the 
microwaves. As can be seen, the quadrature signal reaches its maximum when W7= 1, which 
can be used to derive the lifetime of the process. This is the simplest form of FR-ODMR. 
However, it is problematic if the resonance involves two or more processes with different 
lifetimes. On the other hand, fitting the resonance magnitude vs. w curve to Eq. (31) 
also commonly used. If the process involves is more than one lifetime, the observed behavior 
is fitted to the sum of two Lorenzians, each given by Eq. (31). 
VI. Description of ODMR Experimental Apparatus 
All ODMR spectra shown in this thesis were obtained using an ODMR spectrometer 
modified from an ESR system. The system detects the microwave-induced change in an 
optical transition vs. the \applied magnetic Geld. 
In this scheme, when using single crystal samples, the zero-Geld splitting (ZFS) 
parameters can be precisely determined. When polycrystalline or amorphous samples (as in 
all materials in OLEDs), the analysis of triplet powder patterns can also provide the ZFS 
parameters. 
Zero-Geld ODMR 
Zero-Geld ODMR does not require external magnetic Geld. In this technique, the 
microwave frequency is swept through a resonance condition, which occurs at the Gequency 
equal to the zero-Geld splitting between the magnetic sublevels. Since the Geld is zero, it 
does not yield a powder pattern for random orientation of triplets. However, it cannot be used 
to study paramagnetic species with no zero-Geld splitting. 
In electroluminescence (EL)-detected magnetic resonance (ELDMR) spectroscopy of 
OLEDs, the EL of the OLEDs is focused by lenses to an appropriate photodiode (with gain 
up to -10*). The change of the EL is monitored by a lock-in detector, which allows one to 
detect signals with very low signal/noise ratio (SNR). When a speciGc wavelength range is of 
particular interest, optical Glters or a monochrometer can be used to detect signals within that 
band. In this thesis, the ELDMR of a phosphorescent dye (PtOEP) lightly doped into Alqs, 
which yields both PtOEP and Alqs emission, was obtained by using a red and a green Glter, 
respectively. 
ODMR signals are normally very small, requiring lock-in detection. The output of the 
silicon photodiode which monitors the EL is therefore fed into the input of a lock-in 
ampliGer and the signal is referenced to the amplitude modulation frequency. To detect an 
ODMR, the period of the modulation Gequency should be long compared with the spin-
lattice relaxation time (Ti). By increasing the modulation frequency, the spin polarization is 
artiGcially limited, and this phenomena can be used to detect the lifetime of the species of 
interest (FR-ODMR). 
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Figure 7 is a schematic of the ODMR spectrometer used in this study. Most of the 
measurements were ELDMR. In PLDMR, visible excitaiton is provided by an argon ion laser 
(Arf). A proper filter is used to block the laser light from entering the detector. 
The system is mainly made of two sub-systems. 
1. Microwave system: X-band microwaves were generated at -9.45 GHz by a Gunn 
diode oscillator. The microwave amplitude is controlled by a calibrated attenuator and 
modulated by a pin-switch diode. The microwaves are amplified by a solid state linear 
amplifier, to up to 1400 mW. The coupling of the high-Q microwave cavity was done by 
adjustment of both the microwave frequency and a coupling screw at the cavity inlet. 
2. Cryostat system: OLED samples were inserted into an Oxford Instruments continuous 
helium gas flow cryostat. The cryostat was made of quartz to avoid absorption of 
microwaves and centered in a high-Q TE mode microwave cavity. The temperature control 
was achieved by adjusting the helium flow rate and then using a temperature controller, in 
which a built-in heater is used to stablize the temperature to with in -0.1K. The achievable 
temperature range is between -5K to 300K. 
In the ODMR measurement of OLEDs, the OLED is mounted on a sample holder rod 
made of Teflon. The sample holder is sealed onto a quartz tube. Two thin copper wires were 
connected to the electrodes of the OLED pass through the quartz tube and are connected the 
Kepco power supply. The current through the OLED is read from a Keithley 2000 
multimeter. 
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Figure 2.7. Schematic diagram of ODMR spectrometer used in this study, Set for ELDMR 
measurements. 
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VII. Description of Dissertation organization 
This dissertation consists of six chapters. The first two chapters are introduction of 
OLEDs and ODMR, respectively. In Chapter 3, the first magnetic resonance studies oftris-
(8-hydroxyquinoline) Aluminum (Alqg)-based fluorescent OLEDs are described. EL-, PL-
and EDMR techniques were used to study Alqa film and devices with different buffer layer 
between Alqs and A1 cathode. Chapter 4 describes the ELDMR studies of Plantium octaethyl 
porphyrin (PtOEP) doped Alqs -based phosphorescent OLEDs. Devices with 4 different 
concentrations (1,3,6, and 20 wt-%) and one no dopping devices were studied. A general 
conclusion chapter summarizes the content in this dissertation. 
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Chapter 3. Magnetic Resonance Studies of Tris-(8-hydroxyquinoline) 
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Abstract 
Electroluminescence (EL)-, electrically, and photoluminescence (PL)-detected magnetic 
resonance studies of tris-(8-hydroxyquinoline) aluminum (Alq3)-based organic light-emitting 
devices (OLEDs) and 61ms are described. At low temperatures, a spin-1/2 resonance 
enhances the current density J, the EL intensity 7#, and the PL intensity (&/%/, 
and A&y/Ypz. > 0). AJ/J and are insensitive to the nature of the Alqs/cathode interface. 
They weaken with increasing T and become unobservable above 60 K. A/#//# also 
decreases with T, but more slowly, and it is still observable at 250 K. The resonance is 
attributed to either of two mechanisms: (i) The reduction of singlet exciton (SE) quenching 
by a reduced population of polarons in the bulk of the Alqs layer, and/or (ii) the enhanced 
formation of SEs at the expense of triplet excitons (TEs). These assignments are discussed in 
relation to the yield of SEs and TEs in OLEDs in general and in Alqs-based devices in 
particular. 
At T « 60 K, another spin-1/2 resonance, which reduces both / and 7# (but is 
unobservable in the PL), emerges and grows with increasing T. This negative J and EL-
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detected resonance is sensitive to the buffer layer between Alqa and the cathode, and is 
attributed to magnetic resonance enhancement of the spin-dependent formation of negative 
spinless bipolarons from spin-1/2 negative polarons at the organic/cathode interface. Its 
behavior provides insight into the nature of this interface and the interface's strong impact on 
the device properties. In particular, the increase in the negative charge density at this 
interface, and the resulting increase in the Geld throughout the organic layers by this negative 
sheet of charge, which increases the field-induced SE dissociation rate, are in quantitative 
agreement with the behavior of this negative resonance. 
PACS Nos. 85.65.+h, 85.60.-q, 85.30.-z, 76.90.+d 
I. Introduction 
Organic light-emitting devices (OLEDs) have drawn extensive attention since 
electroluminescence (EL) was observed from devices based on tris-(8-hydroxy quinoline) A1 
(Alq;)' and poly(pora-phenylene vinylene) (PPV)\ The brightness, efficiency, and lifetime 
of OLEDs have increased dramatically over the past decade. However, with the exception of 
OLEDs using phosphorescent dopants^, the external EL quantum efficiency remains 
stubbornly capped at -5%. This cap has been attributed to the product of the maximum 
formation efficiency of singlet excitons (SEs) from nongeminate polaron recombination %% 
= 25%* and the outcoupling efficiency of the emission to the front face of the device y = 
1/(2%^) - 1/6, where « - 1.7 is the refractive index of the substrate*. Recent theoretical^'* and 
experimental^'* studies imply that could be as high as 60% and y = 1/%^ - 1/3 \ so the 
maximal could be as high as -20%. However, the experimental evidence for the high 
values of is either model-dependenf or restricted to polymers containing Pt in their 
backbone *. 
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Nonradiative SE quenching processes such as electric-field induced SE dissociation*, 
energy transfer to the electrodes^, and quenching by polarons ^ and triplet excitons (TEs) 
could contribute significantly to the large gap between the observed and theoretical 
Since the dynamics of polarons and TEs are spin-dependent, it is not surprising that magnetic 
resonance spectroscopy has proven to be a powerful tool in studying the physics of these 
materials and devices^'" These studies have provided direct evidence for the presence of 
long-lived polarons and triplet excitons in both photoexcited Sims and biased OLEDs, and 
they have been used to explore the interactions of these excitations with SEs. 
This paper describes EL- and electrically (i.e, current density J)-detected magnetic 
resonance (ELDMR and EDMR, respectively) studies of N,N"-diphenyl-N,N'-bis(3-
methylphenyl)-(l,l'-biphenyl)-4,4'-diamine (TPD)/Alq3 OLEDs, as well as the 
photoluminescence (PL)-detected magnetic resonance (PLDMR) of Alqa films. The 
measurements yield a positive (i.e., EL-, J-, and PL-enhancing) spin-1/2 resonance at low 
temperatures, which is due either to reduced quenching of SEs by a reduced population of 
polarons'* or to enhanced formation of SEs at the expense of TEs^*. However, the latter 
assignment implies that the SE yield in Alqa OLEDs is greater than 25%, which is contrary to 
*1 S OA O ! 
previous conclusions ' ' ' . Besides this low-temperature positive spin-1/2 resonance, a 
high-temperature negative spin-1/2 ELDMR and EDMR (but no negative PLDMR) is also 
observed. It is concluded to result from the spin-dependent formation of negative spinless 
bipolarons from spin-1/2 polarons'* at the Alqs/cathode interface, as it is highly sensitive to 
the presence and nature of the buffer layer between the Alq; and the cathode. Formation of 
bipolarons at the organic/cathode interface increases the areal density of charge at that 
interface. Since the active area of the devices is -20 mm^ but the total thickness of the 
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organic layers is only -100 nm, an increase in the areal charge density at the organic/cathode 
interface increases the electric Geld by a uniform amount everywhere in the device. In 
particular, it also increases the electric Geld in the recombination zone, which is adjacent to 
the TPD/Alq; interface. This increase in the electric Geld increases the Geld-induced 
dissociation of SEs and results in reduced EL. Indeed, several theoretical studies have 
predicted that a high density of negative bipolarons forms at the organic/cathode interface^" 
and UV and X-ray photoelectron spectroscopy measurements have conGrmed their 
presence 
II. Experimental Methods 
The OLEDs consisted of an indium tin oxide (ITO) anode, a 15 nm-thick copper 
phthalocyanine (CuPc) hole-injection layer, a 25 nm-thick TPD hole-transport layer, and a 40 
nm-thick emissive Alqs layer. A -1 nm-thick CsF^"^ or -3 nm-thick AlOj buffer layer^° was 
evaporated on top of the Alqs layer, followed by evaporation of the A1 cathode. The chemical 
structures of CuPc, TPD, and Alqg are shown in Fig. 1 and the device structure is shown in 
the inset of Fig. 2(a). 
The OLEDs were fabricated by thermal vacuum evaporation in a -10"* torr vacuum 
chamber installed in an argon-Glled glove box, typically containing -0.5 ppm oxygen and 
water. Prior to deposition of the organic layers, the ITO coated glass was thoroughly cleaned 
as described elsewhere The deposition rates were monitored by a Maxtek TM-100 
thickness monitor. The organic layers were deposited at -2 A/sec. The CsF was deposited 
similarly at -0.1 À/s. The AlO; layer was fabricated by depositing a -15 À layer of Al, 
followed by 5 min exposure to air. The OLEDs had an active area of -0.2 cm^. 
The magnetic resonance spectra were measured by placing an OLED or an Alq] film in 
an optically accessible microwave cavity between the pole pieces of a DC electromagnet, as 
described previously Changes in the EL intensity (ELDMR), current density J 
(EDMR), or PL (PLDMR) were measured by lock-in detection of the changes in the EL, J, or 
PL induced by the microwaves, which were chopped at 500 Hz. For the changes in the EL 
and V, the microwave power was 360 mW at 9.45 GHz; for the changes in the PL, it was 811 
mW at 9.34 GHz. Magnetic resonance conditions occur when the Zeeman splitting between 
two spin sublevels equals the microwave photon energy 
(1) 
where Ay is the microwave photon energy, g is the gyromagnetic ratio, is the Bohr 
magneton, and # is the magnetic Geld strength Magnetic resonance conditions equalize 
the populations of the spin sublevels, which in turn affects the populations of the excited 
states^. 
in. Results 
Fig. 2(a) shows the room-temperature current density-voltage V(K) characteristics of CsF-
and AlOz-buffered OLEDs. Both devices show rectifying behavior; the behavior of the EL-
voltage curve /sz.(^) was similar. Note that the buffer layer has a dramatic effect on J(P). The 
AlOa-buffered device requires roughly 2 V higher bias than the CsF-buffered device to 
achieve the same current density. The buffer layer also affects the EL efficiency, as shown in 
Fig. 2(b). The peak efficiency of the CsF-buffered OLED is more than double that of the 
AlOj-buffered devices. The efficiency of both devices decreases at higher bias, owing to 
increasing quenching by the electric field and, possibly, quenching of SEs by polarons, either 
free or trapped. 
Fig. 3 shows the spin-1/2 ELDMR spectra of (a) A10%- and (b) CsF-buffered OLEDs at 
temperatures from 15 to 295 K. Both devices have a positive (EL-enhancing) resonance 
below 60 K that decreases in amplitude with increasing temperature and a negative (EL-
quenching) resonance that becomes evident at T = 60 K and increases in amplitude with 
increasing temperature. The enhancing and quenching resonances have similar g values, 
though the linewidths are different. This can be seen in the 60 K ELDMR of the A10% device, 
which contains both positive and negative resonances. While the amplitude |Afa/7#,| of the 
positive resonance is similar in the two types of devices, the negative resonance is much 
weaker in the CsF-buffered devices. 
Fig. 4 shows the dependence of the ELDMR amplitude on J. The behavior of 
the amplitude of the quenching resonance differs qualitatively from that of the enhancing 
resonance and between the two devices. In the CsF-buffered OLEDs, it decreases with 
increasing V as J^*, whereas in the AlO^-buffered devices it increases from 2.2x10"* at 0.5 
mA/cm^ to 2.9x10"* at 7 mA/cnf. In contrast to the positive resonance, the negative 
resonance increases with increasing temperature. 
Fig. 5 shows the spin-1/2 PLDMR spectrum of an Alqa film at several temperatures. The 
resonance is positive > 0) and its amplitude decreases from 9.1x10"^ at T= 10 K to 
2.4x10"^ at T= 250 K. This decrease with increasing T is much more moderate than that of 
the positive ELDMR It is suspected that the positive ELDMR decreases much more 
rapidly due to overlap with the negative resonance. The similarity between the behavior of 
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the positive ELDMR and PLDMR leads us to assign the positive resonance to enhanced 
polaron recombination under magnetic resonance conditions. This mechanism requires the 
presence of both positive and negative polarons, which occurs only in the bulk of an OLED 
under operation. 
Fig. 6 shows the laser power-dependence of the spin-1/2 PLDMR of the Alqs 61m. As 
clearly seen, at low power depends linearly on the power, but it saturates to a 
sublinear behavior at high power. This behavior is qualitatively similar to that of the positive 
spin-1/2 PLDMR of various oligomers and polymers studied to date"'^'^'^. 
Fig. 7 shows the spin-1/2 EDMR spectra of both CsF- and AlO^-buffered OLEDs from 
15 to 295 K. Similar to the ELDMR, the EDMR is positive (./-enhancing) below 60 K and 
negative (J-quenching) above 60 K. 
The distinct behavior of the positive and negative resonances suggests different origins. 
In turning to the discussion of these resonances, we consequently treat each resonance 
separately. 
IV. Discussion 
rVTa). The Positive Spin-1/2 Resonance. 
In both devices, the amplitude of the positive spin-1/2 ELDMR decreases rapidly with 
temperature and increases sublinearly with current density. This behavior is similar to the 
temperature- and laser power-dependence of the positive spin-1/2 PLDMR amplitude of 
various ^-conjugated polymers [11,13,17,18]. In all previous studies, this resonance was 
attributed to magnetic resonance enhancement of the overall polaron recombination rate. This 
enhancement of the overall polaron recombination rate is confirmed by several photoinduced 
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absorption (PA)-detected magnetic resonance (PADMR) measurements, which demonstrated 
that the overall polaron population decreases at resonance 
One scenario that has been proposed for the origin of the positive spin-1/2 resonance is 
based on the assumption that the enhanced polaron recombination is due to the difference 
between the cross section for SE formation from singlet polaron pairs and TE formation 
from triplet polaron pairs 7,8,18.21 ^ th%t scenario, <% > c%. Hence, off-resonance, the 
population of nongeminate singlet polaron pairs is depleted relative to the population of 
nongeminate triplet polaron pairs On resonance, %spp increases at the expense of 
and the PL increases. Wohlgenannt et al. have shown that in several polymers the excitation 
power-dependence of this resonance is in good agreement with a model based on this 
scenario Yet if this scenario is the origin of the resonance in Alqg, it implies that in this 
material 05# > and the yield of SEs in Alqs-based OLEDs is greater than 25%. This 
conclusion is contrary to that of several previous studies 
Another scenario that has been proposed for the origin of the positive spin-1/2 resonance 
is based on the well-known evidence that polarons quench SEs At resonance a 
reduced polaron population reduces the SE quenching rate, thereby increasing the emission. 
List et al. have shown that in oligophenylenes and methyl-bridged ladder-type poly(p-
phenylenes) the excitation power dependence of the resonance is in good agreement with a 
rate equation model based on this scenario 
IVfbl The Negative Spin-1/2 Resonance. 
As mentioned above, the ./-dependence of the amplitude of the quenching resonance (Fig. 
4) differs qualitatively from that of the enhancing resonance and between the two devices. In 
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the CsF-buffered OLEDs, it decreases with increasing current as ./**, whereas in the A10%-
buffered devices it increases moderately with J, &om 2.2x10"^ at 0.5 mA/cm^ to 2.9x10"^ at 7 
mA/cnf. In contrast to the positive resonance, the amplitude of the quenching resonance 
increases with temperature. 
There are two nonradiative species that can be generated from polaron recombination: 
Spin-1 TEs and spinless bipolarons. Resonant enhancement of TE formation at the expense 
of SEs would reduce the EL intensity. However, it has been shown that the TE population 
decreases at the spin 1/2 resonance field Furthermore, this process would not affect 
the current density in the device and hence the EDMR spectrum should contain only a 
positive resonance. However, as mentioned above, Fig. 8 shows that similar to the ELDMR, 
the EDMR is positive (./-enhancing) below 60 K and a negative (./-quenching) above 60 K, 
Hence, enhanced triplet formation cannot account for the negative spin-1/2 resonance. 
The observation of negative EL- and ./-detected spin-1/2 resonances is, however, entirely 
consistent with bipolaron formation. Several theoretical studies have suggested that a high 
density of negative bipolarons — indeed a bipolaron lattice — may be generated to form a 
dipole layer at the organic/metal cathode interface of OLEDs ^UV and X-ray 
photoelectron spectroscopy (UPS and XPS, respectively) studies have confirmed the 
presence of bipolarons at the interface ^Furthermore, there is direct experimental 
evidence for enhanced bipolaron formation under magnetic resonance conditions in both 
small molecules and polymers ^ 
The mobility of bipolarons should be much lower than that of polarons in. Hence, the 
negative ELDMR and EDMR signals are correlated with one another. We therefore conclude 
that the EL- and ./-quenching resonances are due to the spin-dependent formation of spinless 
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bipolarons; their strong dependence on the buffer layer demonstrates that these bipolarons are 
located at the organic/cathode interface. Since the positive charge density is very low near 
the cathode, the resonance is assigned to the enhanced formation of negative bipolarons at 
this interface. 
The negative ELDMR cannot be due to direct quenching of SEs by bipolarons since the 
recombination zone lies on the Alq; side of the TPD/Alq; interface while the bipolarons must 
be located at the Alqs/cathode interface. Likewise, relatively few positive polarons will reach 
the counter electrode and be quenched. We propose that the quenching ELDMR is due to the 
enhanced electric field generated throughout the organic layers by the enhanced charge layer 
at the Alqg/cathode interface. Kalinowski et al. have previously shown that the EL external 
quantum yield of the EL in TPD/Alqa OLEDs decreases above an electric Geld of 0.75 
MV/cm^. 
The effect of bipolaron formation and consequent enhanced negative charge density at 
the Alqa/cathode interface on the EL (which results in the negative ELDMR) can be 
estimated from the magnitude of the EDMR signal. The generation rate of bipolarons is G = 
T/W/ef, where ^ is the fraction of current that is trapped to form biplarons, e is the electron 
charge, and f is the thickness of the charge layer. The current density in the AlOybuffered 
devices is 40 mA/cm^, the EDMR signal gives the fractional change in trapped charge &/%/= 
5x10"*, and we assume f - 2.5 nm. Hence G = 5x10^° cm ^sec"\ The steady state density of 
trapped charge is » = Gr, where r is the bipolaron lifetime. Bipolaron lifetimes in molecular 
semiconductors are typically 10"^ - 10"* sec The trapped charge density is therefore of 
order 5x10^ < % < 5x10'* cm"^ and the associated electric field 10^ < F = o/# = nef/# < 10* 
V/cm. Assuming a built-in potential of 2.5 V, the electric field in the active layer of the 
AlOi-buffered OLED should be -1 MV/cm, sufficient for field quenching of the EL. The 
magnetic resonance-induced electric Geld modulation of 10^ - 10* V/cm will reduce by 
0.25% - 2.5%, in excellent agreement with the behavior of the room temperature ELDMR 
(Figs. 3 and 4). The behavior of the CsF-buffered OLEDs shows a similar correlation 
between the ELDMR and EDMR spectra. 
The bipolaron model also explains the ./-dependence of the Lorentzian linewidth 
and |A7g[//Ei|. Fig. 8 shows that in the CsF-buffered devices, A/fi# » 22 G, almost 
independent of V. In contrast, in the AIO%-buffered OLEDs, it increases from -23 G at low V 
to -34 G at y =7.5 mA/cm^. The dipolar broadening contribution to A/fi# can provide an 
estimate of the average distance between polarons^. A residual linewidth of -15 G was 
estimated from measurements on similar OLEDs with no intentional buffer layer and is 
attributed to mechanisms other than dipolar broadening (e.g., hyperfine interaction between 
the polarons and protons in Alqs) Taking into account the residual linewidth, d » 1.1 nm in 
the CsF-buffered devices. In the AlO^-buffered OLEDs, it decreases from -1.0 nm to -0.8 
nm as y increases to 7.5 mA/cm^. Since bipolarons require a counterion for stabilization 
the model implies that the density of counterions is much higher in AlO^-buffered devices. 
Previous SEM and XPS measurements on the AlO^-buffered devices revealed pinholes and a 
very high carbon content in the buffer region*'. Other UPS and XPS studies have 
demonstrated a strong reaction between Al metal and Alqg*^. This issue clearly deserves 
additional attention. 
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The decrease of |A/a//a.| with increasing V in CsF-buffered devices implies that the 
density of bipolarons reaches its maximal value at low J. As J increases, the formation of 
bipolarons becomes less spin-dependent and consequently decreases. This behavior 
and scenario are consistent with previous studies of poly(p-phenylene vinylene) OLEDs 
The bipolaron model also explains the temperature dependence of the quenching 
ELDMR. Since there is a Coulomb barrier to form bipolarons from polaron pairs, increasing 
T enhances their formation, so increases. Fig. 9 shows log(|A/a/7a.|) vs. 1000/T for 
the AlOj-buSered devices. The behavior above 7= 100 K yields an activation energy of 11.6 
meV. The results deviate from the straight line below for T = 100 K due to overlap of the 
positive and negative resonance. 
The foregoing results and analysis demonstrate the importance of the buffer layer in 
determining the behavior of the OLEDs. The observation of the negative resonance in 
OLEDs with a CsF buffer layer demonstrates that further improvement in buffer layers is 
possible and desirable. 
V. Summary and Concluding Remarks 
In conclusion, the spin-1/2 ELDMR and EDMR of Alqs-based OLEDs with thin CsF or 
AlOf buffer layers between the Alq; and the A1 cathode is positive (EL- and current-
enhancing) below 60 K and negative (EL-quenching) above 60 K. The positive resonance is 
attributed to enhanced recombination of polarons in the recombination zone. The negative 
resonance was shown to result from magnetic resonance enhancement of formation of 
negative spinless bipolarons at the organic/cathode interface. The increased charge density at 
the injecting electrode increases the internal electric field within the device, reducing the 
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radiative yield. This increased charge density also reduces current injection, reducing device 
efficiency and increasing the operating bias. Thus, the superior performance of the CsF-
buffered OLEDs relative to the AlO^-buffered devices may be due to a reduced negative 
charge density at the organic/cathode interface, which should result in a smaller barrier for 
electron injection from the cathode. 
Acknowledgements 
Ames Laboratory is operated by Iowa State University for the US Department of Energy 
under Contract W-7405-Eng-82. This work was supported by the Director for Energy 
Research, Office of Basic Energy Sciences. 
References 
1. C. W. Tang and S. A. Van Slyke, Appl. Phys. Lett. 51, 913 (1987). 
2. J. H. Burroughes, D. D. C. Bradley, A. R Brown, R. N. Marks, K. MacKay, R. H. 
Friend, P. L. Bum, and A. B. Holmes, Nature 347, 539 (1990). 
3. M. A. Baldo, D. F. O'Brien, Y. You, A. Shoustikov, S. Sibley, M. E. Thompson, and S. 
R Forrest, Nature 395,151 (1998). 
4. R. H. Friend, R W. Gymer, A. B. Holmes, J. H. Burroughes, R. N. Marks, C. Taliani, D. 
D. C. Bradley, D. A. Dos Santos, J. L. Brédas, M. Lôgdlund, and W. R. Salaneck, Nature 
397,121 (1999). 
5. Ji-Seon Kim, Peter K. H. Ho, Neil C. Greenham, and Richard H. Friend, J. Appl. Phys. 
88,1073 (2000). 
6. Z. Shuai, D. Beljonne, R J. Silbey, and J. L. Bredas, Phys. Rev. Lett. 84,131 (2000). 
77 
7. M. Wohlgenannt, Kunj Tandon, S. Mazumdar, S. Ramasesha, and Z. V. Vardeny, Nature 
409,494 (2001). 
8. J. S. Wilson, A. S. Dhoot, A. J. A. B. Seeley, M. S. Khan, A. Kôhler, and R. H. Friend, 
Nature 413, 828 (2001). 
9. R. Kersting, U. Lemmer, M. Deussen, H. J. Bakker, R. F. Mahrt, H. Kurz, V. I. 
Arkhipov, H. Bâssler, and E. O. Gôbel, Phys. Rev. Lett. 73, 1440 (1994). 
10. H. Becker, S. E. Bums, and R. H. Friend, Phys. Rev. B 56, 1893 (1997). 
11. E. J. W. List, C.-H. Kim, A. K. Naik, U. Scherf G. Leising, W. Graupner, and J. Shinar, 
Phys. Rev. B 64, 155204 (2001). 
12. E. J. W. List, U. Scherf, K. MûUen, W. Graupner, C.-H. Kim, and J. Shinar, Phys. Rev. B 
66,235203 (2002). 
13. L. S. Swanson, J. Shinar, and K. Yoshino, Phys. Rev. Lett. 65,1140 (1990). 
14. L. S. Swanson, P. A. Lane, J. Shinar, and F. Wudl, Phys. Rev. B 44,10617 (1991). 
15. L. S. Swanson, J. Shinar, A. R Brown, D. D. C. Bradley, R. H. Friend, P. L. Bum, A. 
Kraft, and A. B. Holmes, Phys. Rev. B 46, 15072 (1992). 
16. X. Wei, B. C. Hess, Z. V. Vardeny, and F. Wudl, Phys. Rev. Lett. 68, 666 (1992). 
17. N. C. Greenham, J. Shinar, J. Partee, P. A. Lane, O. Amir, F. Lu, and R. H. Friend, Phys. 
Rev. B 53,13528 (1996). 
18. M. Wohlgenannt, C. Yang, and Z. V. Vardeny, Phys. Rev. B 66,241201(R) (2002). 
19. In this paper, we neglect the distinction between electrons and negative polarons and 
between holes and positive polarons. Similarly, we neglect the distinction between 
negative bipolarons and dianions. 
20. M. A. Baldo, D. F. O'Brien, M. E. Thompson, and S. R. Forrest, Phys. Rev. B 60,14422 
(1999). 
21. M. Wohlgenannt, X. M. Jiang, Z. V. Vardeny, and R A. J. Janssen, Phys. Rev. Lett. 88, 
197401 (2002). 
22. N. Kirova and S. Brazovskii, Syn. Met. 76, 229 (1996). 
23. P. S. Davids, A. Saxena, and D. L. Smith, Phys. Rev. B 53,4823 (1996). 
24. M. N. Bussac, D. Michoud, and L. Zuppiroli, Phys. Rev. Lett. 81,1678 (1998). 
25. L. S. Liao, L. F. Cheng, M. K. Fung, C. S. Lee, S. T. Lee, M. Inbasekaran, E. P. Woo, 
and W. W. Wu, Chem. Phys. Lett. 325,405 (2000); Phys. Rev. B 62,10004 (2000). 
26. G. Greczynski, M. Fahlman, and W. R. Salaneck, J. Chem. Phys. 113,2407 (2000). 
27. L. S. Hung, C. W. Tang, and M. G. Mason, Appl. Phys. Lett. 70,152 (1997) 
28. G. E. Jabbour, B. Kippelen, N. R. Armstrong, and N. Peyghambarian, Appl. Phys. Lett. 
73,1185(1998). 
29. G. E. Jabbour, B. Kippelen, N. R Armstrong, and N. Peyghambarian, Appl. Phys. Lett. 
73, 2218 (1998). 
30. F. Li, H. Tang, J. Anderegg, and J. Shinar, Appl. Phys. Lett. 70,1233 (1997). 
31. F. Li, H. Tang, J. Shinar, O. Resto, and S. Z. Weisz, Appl. Phys. Lett. 70,2741 (1997). 
32. C. P. Poole, E/gcfroo TZasoMancg.' ^4 Compre/zena/ve Treafzse o/z JExpenmemW 
TecWgwe? (Dover Publications, Mineola, NY, 1983). 
33. S. Hayashi, K. Kaneto, and K. Yoshino, Sol. St. Comm. 61,249 (1987) 
34. D. D. C. Bradley and R. H. Friend, J. Phys. Condensed Matter 1,3671 (1989). 
35. P. A. Lane, X. Wei, and Z. V. Vardeny, Physical Review Letters 77,1544 (1996). 
79 
36. P. A. Lane, M. Liess, J. Partee, J. Shinar, A. J. Frank, and Z. V. Vardeny, Chem. Phys. 
227, 57 (1998). 
37. J. Kalinowski, L. C. Picciolo, H. Murata, and Z. H. Kafafi, J. Appl. Phys. 89,1866 
(2001). 
38. P. A. Lane, M. Liess, J. Partee, J. Shinar, A. J. Frank, and Z. V. Vardeny, Chem. Phys. 
227, 57 (1998). 
39. E. Conwell, in frzmafy PAofoezcifo&o/zs m fo/ymerg, edited by "N. S. 
SariciAci, p. 489 (World Scientific Publications, Singapore, 1998) 
40. W. R Salaneck, R H. Friend, and J. L. Bredas, Phys. Repts. 319,231 (1999). 
41. K. E. Junge, J. Shinar, M. J. Kramer, T.E. Bloomer, and J. Anderegg, unpublished results. 
42. Q. T. Le, L. Yan, Y. Gao, M. G. Mason, D. J. Giesen, and C. W. Tang, J. Appl. Phys. 87, 
375 (2000). 
Figures 
Fig. 1. Molecular structures of (a) tris-(8-hydroxy quinoline) A1 (Alqs), (b) copper 
phthalocya-nine (CuPc), and (c) N,N'-diphenyl-N,N'-bis(3-methylphenyl)-(l,l'-biphenyl)-
4,4'-diamine (TPD). 
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Fig. 2. The room-temperature (a) current density-voltage and (b) EL quantum efficiency 
(ELQE) of OLEDs with CsF buffer layers (open circles) and AlO; buffer layers (solid 
squares) vs. the bias voltage K. Inset: The structure of the OLEDs. 
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Fig. 3. The spin-1/2 ELDMR spectra of OLEDs with (a) AlOj and (b) CsF buffer layers, at 
15 <73 295 K. 
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Fig. 4. The current density ^ -dependence of the amplitude of the spin-1/2 ELDMR |A/f&/7#.|. 
The enhancing (quenching) resonance of CsF-buffered devices is shown as filled (open) 
circles. The enhancing (quenching) resonance of AlO^-buffered devices is shown as filled 
(open) squares. 
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Fig. 5. The PLDMR of a 330 nm thick Alqs film vacuum evaporated on a quartz substrate, at 
20,100,150, and 250 K (the amplitude decreases monotonically with increasing 7). The 
PL was excited by the 65 mW UV multiline output of an Ar^ laser at 351 - 363 nm. 
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Fig. 6. Laser power-dependence of the PLDMR of an Alq; film at 20 K.. The slope of the 
straight line is 1. 
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Fig. 7. The spin-1/2 EDMR spectra of OLEDs with (a) AlO^ and (b) CsF buffer layers, at 15 
<T<295 K. 
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Fig. 8. The full-width-at-half-maximum linewidth Affi# of the negative ELDMR at 295K vs. 
injected current density V in AlO^-buffered OLEDs (solid squares) and CsF-buffered OLEDs 
(open circles). 
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Fig. 9. The amplitude of the negative ELDMR vs 1000/T in the AlO^-buffered 
OLEDs. The slope of the dashed line yields an activation energy of 11.6 meV. 
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Abstract 
The electroluminescence (EL)-detected magnetic resonance (ELDMR) of 0, 1, 3, 6, and 
20 wt.% Pt octaethyl porphyrin (PtOEP)-doped tris(Al-8-hydroxyquinolinate) (Alqa) based 
phosphorescent multilayer organic light-emitting devices (OLEDs) is described. In 1 wt.% 
PtOEP-doped devices, the ELDMR from the PtOEP and Alqs emission are both very similar 
to that of undoped devices: They exhibit a positive (EL-enhancing) spin-1/2 polaron 
resonance at 10 ^ T < 50 K, whose magnitude increases with current and weakens 
with increasing T, and a negative (EL-quenching) resonance at 50 K < T, which grows with T. 
At 295K, |A/cz//g%,| decreases with current. The enhancing resonance is attributed to the 
magnetic-resonance reduction of singlet exciton (SE) quenching by a reduced population of 
polarons. The quenching resonance is attributed to magnetic resonance enhancement 
formation of dianions at the organic/cathode interface. Both the enhancing and quenching 
resonances weaken as the PtOEP concentration increases; at 6 wt.%, the enhancing resonance 
is undetectable and the quenching resonance is very weak (|A7#//a,| - 2x10"^). The results 
can be explained by assuming that the ELDMR of the guest emission is due to the effect of 
magnetic resonance conditions on the host SEs. A rate equation model is established to 
explain the evolution of the ELDMR with dye concentration. In the 20 wt.%-doped devices, 
the spin-1/2 polaron resonance is quenching at all T and |A/a/7#.|, and the resonance 
linewidth, decrease with increasing T; is weakly current-dependent at both 20 K and 
295 K. This behavior is consistent with the dianion model, if the dianion density decreases 
with increasing T. 
PACS Nos. 85.65.+h, 85.60.-q, 85.30.-z, 76.90.+d 
I. Introduction 
The report on bright green electroluminescence (EL) from a bilayer device based on tris-
(8-hydroxy quinoline) A1 (Alqg)' spawned extensive studies on organic light emitting devices 
(OLEDs), both small molecule-^ and polymer-based/'* Extensive efforts have resulted in 
dramatic improvements in the brightness, efficiency, and lifetime of these devices. Doping 
the emitting layer with a guest molecule is one of the most effective approaches to improve 
device efficiency (as quantified by the external quantum eflicienty 7%#) and lifetime. While 
doping with fluorescent dye restricts the internal quantum efficiency to 25%/ doping 
with a phosphorescent dye removes that restriction/"* The phosphorescent dyes incorporate a 
heavy metal atom, usually Pt or Ir, to enhance the spin-orbital interaction. Indeed, devices 
doped with Pt octaethyl porphyrin (PtOEP) and fac tris(2-phenylpyridine) iridium [Ir(ppy)3] 
have achieved T/g* = 9%'° and 19.2%/' respectively. In principle, both fluorescence- and 
phorsphorescence-based EL are due to the radiative decay of excitons generated by 
recombination of electrons and holes injected from the electrodes in the emitting layer. This 
recombination and other processes involving the spin 1/2 negative and positive polarons (p" 
and respectively), into which the holes and electrons convert upon injection, are spin-
dependent. Hence, various optically-detected magnetic resonance (ODMR) measurements 
such as photoluminescence (PL)-, EL- and electrically- (i.e., current-) detected magnetic 
resonance (PLDMR, ELDMR, and EDMR, respectively) have proven to be powerful tools in 
e luc ida t ing  t he  pho tophys i c s  o f  l uminescen t  ^ - con juga t ed  ma te r i a l s  and  OLEDs .Th i s  
paper describes an ELDMR study of PtOEP-doped Alqs-based phosphorescent OLEDs. 
In poly(p-phenylene vinylene) (PPV)- and poly(p-phenylene ethynylene) (PPE)-based 
OLEDs, the ELDMR and EDMR included narrow negative (i.e., current- and EL-quenching) 
and positive (i.e., current-enhancing and EL-enhancing) spin-1/2 polaron resonances, and 
half-field positive and negative triplet resonances.^'^*'^^ The positive spin-1/2 ELDMR 
was attributed to the reduction in the population of polarons at the Geld-fbr-resonance, and 
consequent reduced quenching of singlet excitons (SEs) by polarons (see Sec. Ill below).^ 
The negative spin-1/2 resonance was attributed to the enhanced spin-dependent formation of 
positive or negative spinless bipolarons (6p^ and respectively). 
In Alqa-based small molecular OLEDs, a positive spin-1/2 ELDMR is observable at T < 
60 K and a negative spin-1/2 ELDMR, whose magnitude increases with T, is 
observed at T > 60 K. |A/a//a.| and the current (J)-dependence of the room temperature 
quenching ELDMR are found to be strongly dependent on the organic/cathode buffer layer. 
A positive half-Geld triplet exciton (TE) resonance is also observed/*' ^ These results 
suggest that dianions formed at the organic/cathode interface and identified by several other 
studies,are responsible for the negative spin-1/2 EDMR and ELDMR. 
The current ELDMR study of PtOEP-doped Alqs-based OLEDs provides evidence that 
the quenching of guest TEs by polarons and the sheet of charge at the organic-metal interface 
is negligible compared to the quenching of host SEs by these charges: The negative (EL-
quenching) ELDMR of the phosphorescence is shown to be due to the quenching of source 
host SEs, which would otherwise transfer their energy to the guest TEs. A rate equation 
model, which provides a quantitative assessment of this process, is described. 
As the PtOEP concentration is increased, the polaron resonance becomes quenching at 
both 20 K and 295 K. Both the magnitude and the linewidth of the quenching resonance 
decreased as temperature increases. This agrees well with dianion model if the dianion 
density at low temperature is higher than room temperature. Higher dianion concentration 
will lead to linewidth broadening. 
H. Experimental Procedure 
The structure of the devices used in this study was [indium tin oxide (ITO)]/[5 nm copper 
phthalocyanine (CuPc)]/[50 nm 4,4'-Bis((l-naphthyl)-phenylamino)-l,l'-biphenyl (a-
NPD)]/[40 nm x% PtOEP:Alq3]/[ 10 nm Alq3]/[1 nm CsF]/Al, % = 0, 1, 3, 6 and 20 wt.% (see 
Fig. 1). The CsF buffer layer improves electron injection and device efficiency 
dramatically/* 
The devices were fabricated in a -10"* torr vacuum chamber, which is installed in a pure 
Ar-filled glove box, typically containing <1 ppm oxygen. Prior to deposition of the organic 
layers, the ITO-coated glass was thoroughly cleaned by detergent, distilled water, 
isoproponol, and acetone, and blown-diy with Ar. The deposition rates were monitored by a 
Maxtek TM-100 thickness monitor. The organic materials were deposited at -1.0 A/s by 
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thermal vacuum evaporation. PtOEP and Alq; were codeposited and the deposition rates 
were carefully monitored to obtain the desired PtOEP concentration. The CsF and A1 cathode 
were deposited at -0.1 and -4.5 A/s, respectively. The active area of the OLED, defined by 
the overlap of the ITO and A1 electrodes, was -20 mm^. 
The ODMR system used in this study was described previously, i % wji .23,25,26 OLED 
was inserted into the quartz dewar of an Oxford Instruments Helium gas flow cryostat; the 
quartz dewar is inserted into an optically accessible X-band cavity. Bias is applied to the 
OLED and the EL is collected by a Si photodiode. The ELDMR was measured by lock-in 
detection of the changes in the EL induced by the -9.45 GHz microwaves chopped at 100 Hz 
and amplified to -360 mW. 
m. Results and Discussion 
Figure 1 shows the device structure and emission spectra of the 1 wt.%-doped device. In 
this lightly doped device, both the host and guest emission bands are clear seen. 
III. 1. The Negative and Positive Spin 1/2 ELDMRs 
Figure 2 shows the spin 1/2 ELDMR at various levels of the injected current J at (a) T = 
15 K and (b) 295 K of the PtOEP red emission in a 1 wt.%-doped device. At 15K, as J 
increases, the magnitude of the positive resonance increases, approximately as \ 
indicating a bimolecular process.^ At 295K, the resonance is quenching and |A7gt/7ar| 
decreases as J increases. Both the low- and high-temperature resonances behave similar to 
that of Alqs-based fluorescent OLEDs with a CsF buffer layer.^* 
The behavior of the high-temperature negative ELDMR is similar to its behavior in 
undoped Alqs OLEDs and it is consequently attributed to the same mechanism, namely 
magnetic resonance enhanced formation of dianions at the organic/cathode interface.^* 
The g-value, linewidth, temperature dependence, and current dependence of the low-
temperature positive ELDMR are similar to the g-value, linewidth, temperature dependence, 
and laser power-dependence of the positive PLDMR of ^-conjugated polymers. The 
positive ELDMR is therefore attributed to the same mechanism. This mechanism, however, 
has been controversial. It was initially suggested to be magnetic resonance enhancement of 
radiative polaron pair recombination.*''*^* This mechanism, however, is inconsistent with 
the voluminous evidence that polaron pairs do not decay directly to the ground state, but 
rather form SEs and triplet excitons (TEs).*^ A second mechanism was suggested to be 
magnetic resonance enhancement of the formation of TEs followed by TE-TE annihilation to 
SEs, resulting an enhanced PL due to enhanced delayed fluorescence.** This mechanism 
clearly requires that the population of TEs increase at the Geld-fbr-spin-1 /2-resonance. Yet 
photoinduced absorption (PA)-detected magnetic resonance (PADMR) measurements 
showed clearly that at that field-fbr-resonance both the polaron and TE populations 
decrease.'*'*^ 
A third mechanism developed to account for the resonance invoked magnetic resonance 
enhancement of delayed PL due to nongeminate polaron pair recombination ("the delayed PL 
model").** This mechanism, however, requires that the cross-section for SE formation by 
polaron pairs in the singlet configuration be greater than the cross-section for TE 
formation by polaron pairs in the triplet configuration <%.*^ This relation between and 
and the delayed PL model are inconsistent with various experimental results: (i) The 
relation between and is inconsistent with the various results that indicate that the 
yield of SEs in Alq; OLEDs is no greater than 25%.^ (ii) the delayed PL model is 
inconsistent with double modulation PLDMR measurements, which show that the 
contribution of the prompt PL to the PLDMR is similar to that of the delayed PL.** (iii) 
Combined thermally stimulated luminescence (TSL), which is due to delayed PL from 
(effectively) nongeminate polaron recombination, and PLDMR measurements, show that the 
TSL increases -30 fold but the PLDMR decreases -6 fold when the excitation photon energy 
is increased from 2.7 to 3.4 eV.^ 
The fact that the polaron population decreases at resonance invoked the "quenching 
model."^^ This model, which is the only model consistent with all of the ODMR results 
reported to date, is based on quenching of SEs by polarons. The reduction of polaron 
population at resonance reduces the quenching of SEs and thus results in a positive PLDMR 
and ELDMR. The quantitative quenching model developed by List et al.^ was found to be in 
excellent agreement with experimental results. We therefore attribute the enhancing spin-1/2 
ELDMR to this quenching mechanism. 
It is important to note that the ELDMR shown in Figure 2 is due to the phosphorescent 
red emission from TEs in PtOEP. This raises the question whether polarons act as effective 
TEs quenching centers. It is well known that the binding energy of TEs is much larger than 
that of SEs, and the diffusion of guest TEs is negligible. Hence quenching of guest TEs by 
polarons is not likely to be as effective as that of host SEs. To clarify this, we compared the 
contributions of the red PtOEP phosphorescence and green Alqa fluorescence to the negative 
and positive spin 1/2 ELDMR. 
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Figure 3 shows the current ./-dependence of the positive (at 15 or 20 K) and negative (at 
295 K) ELDMR of the 0, 1, 3, and 6 wt.% PtOEPiAlq; devices. In the 1 wt.% device, the 
behavior of the ELDMR due to the red and green emission bands is identical, indicating 
either (a) direct quenching of the guest TEs by polarons, as effective as the quenching of host 
SEs, or (b) an indirect quenching process, in which quenching of PtOEP TE emission is due 
to quenching of the Alqa SEs which otherwise transfer their energy to PtOEP. 
If the first scenario is correct, then the ELDMR should be largely independent of the 
PtOEP doping concentration. However, as seen in Figure 3, both the positive and negative 
ELDMRs decrease rapidly as the PtOEP concentration increases. Indeed, in the 6 wt.% 
PtOEP-doped device, the positive spin-1/2 ELDMR is unobservable, and the negative 
resonance at 295 K is very weak (|A7g[//^| - 2x10"^) over the whole range of J. We therefore 
conclude that quenching of guest TEs by either polarons or dianions is far less significant 
than quenching of host SEs, and that the PtOEP phosphorescence ELDMR is due to 
quenching of the host SEs, which are the source of the PtOEP TEs. 
Figure 4 shows the temperature dependence of the spin-1/2 polaron ELDMR of the 3 
wt.% PtOEP:Alq] OLED. Not only is the magnitude of the resonances small compared to the 
1 wt.%-doped devices, but the resonance has a negative component even at 15 K. Figure 4 
suggests that the 'transition temperature" from the low-T positive to the high-T negative 
resonance is -30 K; in undoped Alqa OLEDs this transition occurs at -60 rather than 
-30K. 
IH.2. The Half-Field TE ELDMR 
The ODMR of luminescent %-conjugated materials and OLEDs usually includes not only 
positive and/or negative spin-1/2 polaron resonances at g - 2.002, but (generally positive) 
full- and half-Geld TE resonances as well. As for the positive spin 1/2 polaron resonance, 
different mechanisms were proposed to explain the half-field resonance, including (i) 
enhanced TE-TE annihilation to SEs, (ii) enhanced ground-state recovery from TEs, and (iii) 
reduced quenching of SEs by a reduced population of TEs at resonance. By monitoring the 
separate guest and host contributions to the distinct guest and host half-field TE resonances, 
List et al.^ provided strong evidence that excluded mechanisms (i) and (ii). They also 
provided a model of long-range SE-TE annihilation due to a dipole-dipole transfer 
mechanism which established the quenching model (iii) as the origin of the half-field 
resonance. 
Figure 5 shows the half-field ELDMR of the 0, 1, and 3 wt.% PtOEP: Alqs. The current-
dependence of the half field resonance is relatively weak. The magnitude of the resonance 
decreases from 1.7x10"^ in the undoped device to < 1.5x10"* in the 3 wt.% device. In the 6 
wt.% device, the half-Geld resonance is undetectable. In the 1 wt.% device, the magnitude of 
the green band half-Geld ELDMR is larger than that of red band. This can be explained by 
considering that the PtOEP TEs population is also reduced at resonance. 
Recapping, we have attributed the (a) low-T positive spin-1/2, (b) high-T negative spin-
1/2, and (c) low-T half-Geld triplet resonances to (a) reduced quenching of SEs by polarons, 
(b) enhanced quenching of SEs by dianions at the Alqg/cathode interface, and (c) reduced 
quenching of SEs by TEs, respectively. Hence, the red PtOEP phosphorescence ELDMR is 
due to an indirect process, i.e., quenching of source host SEs, which otherwise transfer their 
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energy to the PtOEP molecules. All three resonances weaken rapidly with increasing PtOEP 
concentration. We now provide a rate equation model to account for this behavior. 
TTT.3. Rate Equation Analysis of the ELDMR 
Figure 6 shows the photophysical processes in PtOEP-doped Alqs OLEDs. Reverse 
energy transfer from PtOEP TEs to Alqs is ignored due to the high efficiency of the 
devices.^ The terms used are: 
[%], [%]: Population of lowest excited SE state, lowest triplet state, and ground state, 
respectively. A PtOEP subscript refers to populations of states in PtOEP. The other states are 
states in Alqs. 
A:##: Intersystem crossing (ISC) rates. 
FOrster^ and Dexter* energy transfer rates. 
= = Einstein coefficient of spontaneous emission rate from . 
[M,]: Population of quenching species (polarons, TEs, dianions, etc.). 
total quenching rate of SEs. 
Non-radiative decay rate excluding quenching channels. 
Tjz: SE, TE generation rates due to charge injection 
The rate equations are as follows. 
In Alqs: 
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In PtOEP: 
S
'}'0£f = ['S, ]-k,sc pasr [!S,L£, + O 
d\ ^1 iptOEF _ 
^"OeOer [ ^1 ] ]mOff ^2 
(3) 
(4) 
Where 
f~*  (5 )  
«: g " (G) 
and Oi and O2 are higher-order terms. In steady state, the Alqg emission will be governed by 
4\%]/<& = 0 (7) 
rs* = (*„ + zk, ]+*,+ k,sc, + )['-$, ]- kISC2[:r,] (8) 
MAs .+^ fa ] )  (9) 
I EL ~ *r['S|]~ 
k„ +'£k*[Ml]+kr +kISCI +k Forster 
Similarly, 
_ Q ^ - ^1] (10) 
Thus 
^ = 
2 ^/gc 3 
(ISE 1 + "i$C2 
^vsc 2 3 (11) 
1 - "/gC2 
V 2 3 y 
+ k Forster 
At resonance, if the population of SE quenching species [M)] changes to [A^]+A[A/,], ±e 
normalized EL change will be 
A/ EL -Z*,Ak] (12) 
1 EL ([^ < ] + A[M, ]) + ^ + 1 2^2 
V k/sci + kfsci J 
Forster 
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As mentioned above, PADMR measurements demonstrate that the population of polarons 
and TEs decreases at the field-fbr-spin-1 /2-resonance. If polarons and TEs are quenching 
centers of emissive SEs (thus they are M's), a negative A[Mi] will yield a positive ELDMR. 
In OLEDs, mobile polarons are on the one hand the source of SEs, and on the other hand 
quenchers of SEs. Their lifetime, however, is short (typically -100 ns, as determined by 
OLEDs' response to pulsed bias^. In contrast, the lifetime of trapped polarons is much 
longer (typically 10 us- 10 ms, as determined by measurements of the PLDMR vs the 
microwave chopping frequency^). Hence the quenching of SEs due to mobile polarons can 
be neglected relative to quenching by trapped polarons. 
In PtOEP, under steady state condition, we set Eqs. (3) and (4) to 0, and ignore the 0/ 
and Oj terms, since the internal quantum efficiency of the PtOEP emission is almost 100%/ 
We get two equations: 
( i 3 )  
ISC,PtOEP 
I — k [\r 1 —k f's 1 +k M 1 EL,PtOEP ~ K ph L A\J PtOEP ~ * ISC,PtOEP L ° 1 J PtOEP T K Dexter L 11 J 
Combining these two, we get 
Note that although Dexter energy transfer can also occur from a host SE to a guest SE, it is 
negligible compared to Fôrster SE-SE energy transfer.^ 
When the PtOEP concentration is low, only long-range Forster energy transfer occurs: 
Note the intensity of the PtOEP phosphorescence differs from the host Alqa fluorescence 
only by the constant (&/&#%?%?). Hence the normalized change in the phosphorescence 
intensity will also be given by an expression analogous to Eq. (12). 
101 
Thus this model accounts for the observed identical dependence of the host and guest 
ELDMR on the current, at both low and high T. 
When the PtOEP concentration increases, the intermolecular distance r decreases, and 
both farmer and &#eaer increase. Consequently, as expected and predicted by Eq. (9), the host 
EL decreases. Eq. (12) of the model predicts that the magnitude of the normalized EL change 
will decrease as well, which agrees well with the experimental results (see Figure 3). 
When the PtOEP concentration increases, Dexter energy transfer becomes significant. 
Then the simplified relation 
derived from Eq. (15) when Dexter energy transfer is negligible, must be replaced by the 
The additional Dexter term in the denominator results in decreasing even faster 
in the PtOEP phosphorescence than in the Alq; fluorescence ELDMR. When the Dexter term 
dominates, the phosphorescence ELDMR will be very small. This is in excellent agreement 
with the observation that the ELDMR in the 6 wt.% PtOEP-doped OLED is very weak and 
undetectable at low T. The observed weak negative ELDMR at 295 K may indicate that the 
dianions quench TEs slightly. 
In the heaviest 20 wt.% PtOEP-doped device, the spin-1/2 ELDMR is quenching at all T. 
Figure 7 shows the temperature dependence of that resonance at 7 - 2 mA/cnf. and 
the linewidth both decrease when T increases; |A/gL//a,| is largely independent of the injected 
current at both 20 K and room temperature. This behavior is significantly different from that 
of the negative resonance in the undoped devices. In that case, |A/gr//g[| increases as T 
(17) 
relation 
(18) 
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increases, and decreases as y increases. The very different behavior in the 20 wt.% PtOEP-
doped device suggests a new mechanism. 
In attempting to identify the new mechanism, we note that the lifetime of PtOEP triplets 
was observed to decrease as the PtOEP concentration increases.^This is believed to be due 
enhanced nonradiative decay paths for TEs in PtOEP aggregates. At the same time, the TE­
TE annihilation rate also increases with PtOEP concentration. ^ It is therefore plausible that 
the new quenching ELDMR is related to these two processes. However, the ELDMR of 
Ir(ppy)-doped 4,4 ' -bis(9-carbazolyl)bipheny 1 (CBP) OLEDs exhibits a similar quenching 
resonance from 20 K to 295K, even at 2 wt.% doping.^ Since the Ir(ppy)3 TEs exhibit a 
phosphorescence lifetime of -1 ps^ (compared to -100 ps in PtOEP^), the TE-TE 
annihilation rate must be much lower in Ir(ppy)-based devices. In addition, aggregation 
should be negligible in 2 wt.% Ir(ppy)3-doped devices. Hence it is improbable that the new 
mechanism is related to aggregation effects. 
In light of the foregoing considerations, the origin of the negative resonance in 20 wt.% 
PtOEP: Alqa OLEDs is tentatively assigned to the magnetic resonance enhanced formation of 
dianions in the bulk of the doped layer. As T decreases, the mobility of the TEs decreases, 
and the stability of the dianions increases. Thus, the density of dianions will increase with 
decreasing T. Hence, the magnitude and linewidth of the negative resonance will increase 
with decreasing Z, in qualitative agreement with the observed behavior. 
It is interesting to consider the correlation between the magnitude of the room 
temperature negative ELDMR and the efficiency of the PtOEP-doped devices: The 6 wt.% 
PtOEP-doped device is the highest efficiency device, and it has the weakest room 
temperature negative resonance. 
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In our previous ELDMR and EDMR study of Alqa OLEDs, we suggested that the 
quenching of SEs by the sheet of charge at the organic/cathode interface is an important 
quenching mechanism in OLEDs. The current results support this suggestion. Thus, the 
improved efficiency of optimized phosphorescent OLEDs is probably due to two effects: (i) 
The contribution of both Forster and Dexter energy transfer, which exploits 100% of the host 
excitons, resulting in virtually 100% internal quantum efficiency, (ii) The relative immunity 
of TEs to quenching due to the charge sheet at the organic/cathode interface, as compared to 
SEs, which are susceptible to this quenching process. 
IV. Summary and Conclusions 
In conclusion, an ELDMR study of 0, 1, 3, 6, and 20 wt.% PtOEP-doped Alqa 
phosphorescent OLEDs was described. In 1 wt.% PtOEP-doped devices, the ELDMR is very 
similar to that of undoped Alqs OLEDs, i.e., it includes a positive spin 1/2 ELDMR at T < 60 
K, and a negative spin 1/2 ELDMR which emerges at 60 K and increases with increasing T. 
The ELDMR of the red guest phosphorescence and green host fluorescence are almost the 
same. 
The low T positive ELDMR decreases as the PtOEP concentration increases and 
disappears when the PtOEP concentration exceeds -6 wt.%. The room temperature negative 
ELDMR decreases from - 8x10"* in 1 wt.% PtOEP device to -2x10"^ in the 6 wt.%-doped 
device. In the 20 wt.%-doped device, the negative ELDMR is observed from 20 K to 295 K. 
The amplitude and linewidth of the resonance both decrease as T increases. The resonance is 
much less dependent on the current than in the other devices, indicating their different origin. 
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Due to its similarity to the positive spin % PLDMR, the enhancing ELDMR is attributed 
to resonance enhancement of polaron recombination, which reduces quenching of SEs by 
polarons. The quenching ELDMR for devices with < 6 wt.% PtOEP is believed to result from 
magnetic resonance enhanced formation of dianions at the organic/cathode interface. A rate 
equation model was developed to account for the behavior of the devices containing up to 6 
wt.% PtOEP. 
The abnormal negative spin 1/2 ELDMR in 20 wt.%-dope devices is not clear and may 
be due to magnetic resonance enhanced formation of dianions in the bulk of the doped layer. 
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Figure 1. The device structure and emission spectra of 1 wt.% PtOEP doped Alqs OLED. 
The PtOEP emission band around 650 nm dominates the EL, but the host Alq; emission band 
around 520 nm is still clearly visible. 
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Figure 2. The spin 1/2 ELDMR of the red PtOEP phosphorescence in 1 wt.% PtOEP-doped 
Alq; OLEDs at different currents at (a) T= 15 - 20 K and (b) 295 K. 
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112 
2.5 
2.0 
? 1-5 
LU to 
x 0.5 
__ûj 0.0 
3d -0.5 
 ^ -1.0 
-1.5 
-2.0 
3320 3340 3360 3380 3400 3420 3440 
H (G) 
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Abstract 
The combinatorial matrix array technique was used to study exciplex formation in blends of 
the high glass-transition-temperature hole-transport-material 4,4',4"-tris[2-naphthyl (phenyl)-
aminojtriphenylamine (2-TNATA), and the electron-transport and blue-emitting material 
2,2 ' ,7,7 ' -tetrakis(2^'-diphenylvinyl)spiro-9,9 ' -bifluorene (Spiro-DPVBi). The blend layer 
was incorporated in ITO/2-TNATA/[(l:l) 2-TNATA:Spiro-DPVBi]/[N,N'-diphenyl-N,N'-
bis( 1 -naphthy(phenyl) -1,1'- biphenyl -4,4'-diamine (NPB) ]/ Spiro-DPVBi/ [tris(8-hydroxy 
quinoline) A1 (Alq3)]/CsF/Al organic light-emitting devices (OLEDs), and the thicknesses of 
the blend and NPB layers were varied systematically. The low efficiency exciplex emission 
was avoided when the thickness of the NPB layer exceeded 8 nm. 
PACS Nos. 
Author to whom correspondence should be addressed; electronic mail: shinar@ameslab.gov 
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I. Introduction 
Organic light-emitting devices (OLEDs) have been studied extensively since Tang and 
VanSlyke' demonstrated that vacuum-evaporation of multilayer thin film structures can yield 
efficient devices by improving carrier injection, balancing electron and hole injection, and 
confining the recombination zone to a region far from the metal contacts. These key steps 
were crucial for the development of OLEDs as serious candidates for next-generation 
displays and solid-state lighting. One of the significant results of the multilayer structure was 
the appearance of exciplexes at the organic/organic interfaces. The exciplex is formed from 
two distinct chromophores, a donor D and an acceptor A, with one in the excited state and 
the other in the ground state: 
'D + 'A* -> '(D^A) or 'D* + 'A -» '(D+A") (1) 
The exciplex is metastable as a result of resonant contributions from exciton and charge 
transfer configurations:^ 
'(A'D) <-» '(AD*) i(AT>+). (2) 
Exciplexes are interesting not only from the physical standpoint, but also due to their 
potential applications for tuning the emission color^ and delivering white light.^ Several 
studies on exciplex formation on the organic interface have been done.* 
Although exciplex formation may enhance the quantum yield of photophysical processes 
compared to excimer formation/ to our knowledge the photoluminescence (PL) quantum 
yield (PLQY) of an exciplex has never been reported to have a higher value than that of 
the emissive molecule. Hence, from the point of view of device efficiency, and particularly 
for blue emission, exciplexes should be avoided. To that end, two methods have been 
reported. The simpler and more general method is to insert a weaker electron donating 
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material between the donor and acceptor materials.^ The other uses the exciplex-fbrming 
material as a dopant; light doping reduces the probability of exciplex formation 
significantly.'* To obtain an efficient device, the second method requires a host for exciplex 
formation, normally a blue emitter. This limits its use and does not provide a general 
solution. 
This letter describes the exciplex emission between two promising high-glass-transition-
temperature materials, 4,4',4"-tris[2-naphthyl(phenyl)-amino]triphenyl-amine (2-TNATA) 
(7^ = 110°C)^ and 2,2 ' ,7,7' -tetrakis(2,2'-diphenylvinyl)spiro-9,9 ' -bifluorene (Spiro-DPVBi) 
(7^ = 130 °C).^ 2-TNATA is a starburst molecule, which has proven to be an excellent hole-
transporting material for improving the thermal stability of OLEDs and reducing device 
operation voltage. Spiro-DPVBi is one of the most thermally stable and efficient blue-
emitting materials, developed to replace the efficient but low 7^ (= 64°C) blue emitter 4,4'-
bis(2,2-diphenylvinyl)biphenyl (DPVBi).^ This study used a combinatorial sliding shutter 
technique/* which eliminates uncontrolled batch-to-batch variations in the fabrication 
conditions, to avoid this exciplex formation and identify the optimal structural parameters for 
2-TNATA/Spiro-DPVBi-based OLEDs. 
II. Experimental Procedure 
Figure 1 shows the molecular structures of the materials used to fabricate the multilayer 
devices, including 2-TNATA, N,N'-diphenyl-N,N'-bis(l-naphthylphenyl)-l,l'-biphenyl-
4,4'-diamine (NPB), Spiro-DPVBi, and tris (8-hydroxy quinoline) A1 (Alqs), and the device 
structure. The Applied Films Corp - 20 O/O, 150 - 200 nm-thick indium tin oxide (ITO) 
coated glass substrates were etched in diluted aquaregia to increase the ITO work function 
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and enhance hole injection/* The substrates were then degreased by detergent and organic 
solvents. The organic layers, CsF buffer layer, and A1 cathode were deposited by thermal 
evaporation in a high-vacuum chamber installed in an Ar filled glove-box (<1 ppm O2, H]0). 
The base pressure for deposition was < 10"* Torr. The organic layers included 40 nm 2-
TNATA (as a hole transporting layer (HTL)), and 0, 2, 5, or 10 nm of 2-TNATA:Spiro-
DPVBi (50:50 wt.%). Then the substrate was rotated by 90° and different thicknesses of NPB 
(0, 2, 4, or 8 nm) were deposited over it. 40 nm Spiro-DPVBi and 10 nm Alqs followed as 
two electron transporting layers fabricated to reduce the operating voltage. By using the 
sliding shutter technique, all 16 variations of this OLED structure were deposited at the same 
time, eliminating uncontrolled variations in the batch-to-batch fabrication conditions. 
The cathode consisted of-1 nm CsF and -150 nm Al. The deposition rate of the organic 
layers was -0.1 nm/s, controlled by a calibrated quartz-crystal thickness monitor. The CsF 
layer was deposited at -0.01 nm/sec. The Al was deposited at 0.5 - 0.7 nm/sec through a 
mask of 21x21 1.5 mm diameter holes, yielding a 21x21 matrix array of OLED pixels.^ 
The current density-voltage J(P) and electroluminescence (EL) intensity-voltage 7gi(K) 
curves were measured using a Keithley 2000 digital multimeter and Minolta LI00 luminance 
meter. The EL and PL spectra were measured using an OceanOptics Chem-2000 
spectrometer. The PL spectra and %% of the 260 nm-thick film samples were measured using 
an integrating sphere.^ The PL was excited by the multiline UV emission at 351 + 361 nm 
from an Ar^ laser. 
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III. Results and Discussion 
The PL spectra of thermally evaporated films of 2-TNATA, spiro-DPVBi, 50:50 wt.% 
mixture, and Alqs, are shown in Fig. 2. The PL peaks of 2-TNATA and Spiro-DPVBi are at 
almost the same wavelength -460 nm; the 2-TNATA spectra exhibit a longer wavelength 
tail. The PL emission peak of the 1:1 weight mixture of 2-TNATA and Spiro-DPVBi at 527 
nm is clearly due to an exciplex. Note that it is slightly broader than the Alqs emission band 
around 525 nm, and it contains a blue shoulder, due to emission from the 2-TNATA and/or 
Spiro-DPVBi. 
The half-wave oxidation potentials (E°* 1/2) of 2-TNATA and NPB were measured using 
cyclic voltametry. They are 0.11 V and 0.51 V vs. Ag/Ag^ (0.01 mol cm"^), respectively. 
From these values and those of the absorption edges, the (LUMO, HOMO) energies of 2-
TNATA, Spiro-DPVBi, and NPB are (-2.13, -5.15), (-2.50, -5.50) and (-2.43, -5.55) eV, 
respectively. 
The empirical formula for the exciplex emission energy then yields^ 
A v&cpk, = E"(2 - 7%47%) - E^(spiro - Df FB;) - 0.15 ± 0. le F 
= ZC/MO(%»ro - DfFB;) - #OMO(2 - 7%47%) - 0.15 ± O.leK (3) 
= (-2.50) - (-5.15) -0.15 ± O.leF = 2.50 ± O.leF 
The exciplex peak at 527 nm, corresponding to 2.36 eV, agrees well with the above 
expression. 
Figs. 3a-3d show the evolution of the EL spectra of the 0, 2, 5, and 10 nm 50:50 wt.% 
TNATA-Spiro-DPVBi blend devices without an NPB buffer (Devices 1, 2, 3, and 4, 
respectively), biased at 4, 5, 7, and 9 V. The exciplex emission is easily seen in Figs. 3b - 3d; 
in Device 1, with no blend layer, the exciplex emission is a weak shoulder at low voltage. As 
the thickness of the blend layer increases, the exciplex emission becomes much stronger. On 
the other hand, in all Devices 1 - 4, the spectra exhibit an electric field-induced blueshiA due 
to field-induced dissociation of the exciplexes. The observed behavior is explained as 
follows: in Device 1, only molecules close to the sharp TNATA/Spiro-DPVBi interface can 
form exciplex states. As the thickness of the blend layer increases, the number of exciplex 
states increases rapidly, and the exciplex emission increases. 
Figs. 3e and 3f show the evolution of the EL spectra devices with a 10 nm-thick blend 
layer, 2 nm NPB (Fig. 3e, Device 5), and 8 nm NPB (Fig. 3f, Device 6). The effect of the 
NPB layer on reducing the exciplex emission is clear. With 2 nm of NPB (Device 5), the 
emission evolves from almost pure exciplex emission at 4 V to almost pure Spiro-DPVBi 
emission at 9 V. With 8 nm of NPB, the emission is almost purely from Spiro-DPVBi over 
the entire bias range. Although not shown, the emission of Device 7 (0 nm blend, 8 nm NPB) 
is purely from Spiro-DPVBi. 
It may be argued that the emission band around 530 nm could be due to Alqa rather than 
the 2-TNATA-Spiro-DPVBi exciplex. However, by comparing Devices 1 and 2 we see that 
adding a thin layer of the blend does not change the 7(P) curve (i.e., it does not affect the 
transport; see Fig. 4), so we would expect the emission zone to be unaffected as well. Yet the 
emission band around 530 nm is much more prominent in Device 2 than in Device 1. In 
addition, that band weakens with increasing bias, as expected for exciplex but not for Alqs 
emission band. 
Figure 4 shows the (a) /a/P) and (b) V(F) curves of Devices 1 to 6. In the device with no 
NPB buffer layer, adding the 2-TN AT A: Spiro-DPVBi 50:50 wt.% blend, up to 10 nm thick, 
only shifted (he V(K) slightly towards higher voltage. On the other hand, adding 8 nm of NPB 
led to noticeably higher driving voltage. This indicates that the J(F) curve is mainly 
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Device# 1 2| 3 4 5 4 7 
Bend 0 2 5 10 10 10 0 
l\PB(nm) 0 o| q 0 2 8| 8 
Table I. Device number and their corresponding 2-TNATA:Spiro-DPVBi blending, NPB 
layer thickness in the paper. 
controlled by the electron and hole barriers between 2-TNATA and Spiro-DPVBi, and the 
blend layer has only a minor effect on the transport of electrons and holes. In the blend layer, 
the electrons driA in the Spiro-DPVBi LUMO band, while the holes driA in the 2-TNATA 
HOMO band. 
Although the J(F) curves and EL spectra are different, the fum-on voltage (defined as the 
voltage for 1 Cd/nf emission) of all six devices is similar (3.4 - 3.8 eV). 
The emission of the exciplex around -527 nm has a much larger photopic response than 
that of Spiro-DPVBi around -460 nm. Yet the maximal brightness of the devices with 
significant exciplex emission (7600, 7300, 5300, and 6300 Cd/m^ for Device 1 to 4, 
respectively) is much lower than that of those with no exciplex emission (17600 and 18900 
Cd/m^ for Device 6 and 7, respectively). This may be due to the low PLQY of the blends: For 
thermally evaporated 2-TNATA, Spiro-DPVBi and their 1:1 blend films, = 11, 35, and 
7.8%, respectively. 
The external quantum efficiency ^ vs. / of all six devices are shown in Fig. 5. The 
devices with strongest exciplex emission (Device 3 and 4) have the lowest efficiency 
(-0.25%). Device 1 and 2 have maximum efficiency of -0.5%. The devices with no exciplex 
emission have much higher efficiency, 2.77% for Device 7 and 1.77% for Device 6. 
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%ga is given by the expression 
= (4) 
where % is the fraction of charge carrier recombination in the material resulting in singlet 
excitons (= 0.25%), ^ is the fraction of injected charge carriers that form excitons 
(determined by charge balance), and is the fraction of emitted photons that are coupled out 
of the device. Comparing Devices 4 and 6, which have the same blend layer but different 
NPB layers, we note that of Device 6 is - 6.5 time that of Device 4, while of Spiro-
DPVBi is -4.6 time that of the blend layer. Thus the difference can account for most of 
the difference. Since % and are the same in these two devices, the remaining difference 
must be due to a difference in carrier balance, which is introduced by inserting 8 nm NPB. 
The source of the difference between in Devices 6 and 7 may due to the remaining small 
amount of exciplex emission in Device 6 (see Figure 3f). 
The HOMO and LUMO energies of NPB (-5.50, -2.50 eV, respectively) and Spiro-
DPVBi, (-5.55, -2.43 eV, respectively) are very close. Hence there is no significant energy 
barrier for carriers at the interface between these materials. Consequently, the efficient Spiro-
DPVBi emission is surprising. However, this can be understood by taking into account the 
electron blocking ability of NPB. It has a high hole mobility ^ - 3x10"* cmVVs^ but much 
lower electron mobility. Hence the electrons at the Spiro-DPVBi layer will be blocked by 
NPB when its thickness is sufficiently large. By comparing the spectra at 4 V in Figs. 3d, 3e, 
and 3f (devices with 10 nm blend layer and 0,2, and 8 nm NPB layer, respectively), it can be 
easily seen that the 8 nm-thick NPB layer blocks the electrons almost completely. Otherwise, 
the electrons would recombine with holes in the blend layer to give exciplex emission. 
Although no effective energy barriers exist, the electron blocking property of NPB results in 
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the formation of a well-defined emission zone and consequently efficient devices. The 
absence of the energy barrier, however, probably compromises the efficiency. This could be 
the reason that in the most efficient device = 2.8%, while in other devices with NPB and 
DPVBi it can reach 3.50%?* 
IV. Summary and Conclusions 
In summary, a combinatorial study of OLEDs incorporating the two thermally stable 
materials 2-TNATA and Spiro-DPVBi, between which exciplex emission occurs, and their 
1:1 blend, was described. The thicknesses of the blend layer and an NPB layer between the 
blend layer and Spiro-DPVBi layer were varied systematically. The exciplex emission was 
found to be inefficient (%«# ~ 0.25%). Adding the NPB spacer layer reduced the exciplex 
emission and increased the efficient blue emission, to up to = 2.8%, with turn-on voltage 
of3.8V. 
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Figure 1. Molecular structures and device structure of OLEDs. x = 0, 2, 5,10, and y = 0, 2, 
4, and 8. 
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Figure 2. PL spectra of thermally evaporated films: 2-TNATA:spiro-DPVBi mixture (50:50 
wt.%), spiro-DPVBi, 2-TNATA, and Alqa. The films' thickness was -260 nm. 
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Figure 3. The EL spectra at 4, 5, 7, and 9 V. The thickness of the 50:50 wt.% blend layer and 
NPB layers are, (a) 0 and 0, (b) 2 and 0, (c) 5 and 0, (d) 10 and 0, (e) 10 and 2, and (f) 10 and 
8 nm, respectively. 
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Figure 5. The external efficiency of Devices 1 to 4, 6 and 7. The addition of 8 nm 
NPB layer significantly enhances the device efficiency by suppressing the inefficient 
exciplex emission. 
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Chapter 6. General Conclusions 
I. General Discussion 
There are two major parts in the work presented in this dissertation. First, ODMR was 
used to study the small molecular OLEDs and films. The first work (Chapter 3) is ODMR 
(PLDMR, ELDMR, and EDMR) studies of classical CuPc/TPD/Alqs/buffer/Al OLED, in 
which the buffer layers are AlOx and CsF. While this structure represents fluorescent OLED, 
the second ODMR work is on the CuPc/NPB/x% PtOEPiAlqs/Alqg/ CsF/Al phosphorescent 
OLED (Ph-OLED). The second part of work is a combinatorial study of exciplex formation 
at two promising high glass transition temperature organic materials. 
Chapter 1 is a general introduction of OLEDs and chapter 2 is the introduction of ODMR 
technique. Following the two general introduction chapters, the first EL-, PL-, and EDMR 
studies of tris-(8-hydroxyquinoline) aluminum (Alqa)-based OLEDs and films are described 
in chapter 3. The OLEDs studied differ only in the buffer layer between organic and metal 
cathodes, which strongly affect the performance of OLEDs. At low temperatures, a spin-1/2 
resonance enhances the current density J, the EL intensity 7#,, and the PL intensity 7#, (AJ/J, 
AW/si, and > 0). AJ/J and A/#//# are insensitive to the nature of the Alqs/cathode 
interface. The low temperature resonance weaken with increasing T and become 
unobservable above 60 K. also decreases with 7^ but more slowly, and it is still 
observable at 250 K. The low temperature enhancing spin-1/2 resonance is attributed to the 
magnetic resonance reduction of polaron population, which otherwise quenches SEs. For T> 
60K, a quenching spin-1/2 EL- and EDMR resonance emerges and grows with T, but not 
detectable in PL. This resonance is sensitive to the buffer layer between Alqg and the 
cathode, and is attributed to magnetic resonance enhancement of the spin-dependent 
formation of negative spinless bipolarons (dianions) from spin-1/2 negative polarons at the 
organic/cathode interface. The results provide insight on the nature of organic interface and 
the impact of the interface on the device performance. The additional electric field produced 
by the increase of the negative charge density at the interface increases SE dissociation. This 
model quantitatively agrees with the quenching resonance. 
Due to large exciton binding energy, a 25% upper limit exists in the internal quantum 
efficiency of fluorescent OLEDs. Ph-OLEDs move this limit up to 100% and thus is of great 
important in the field. Chapter 4 presents the ELDMR studies of PtOPE doped Alqa based 
Ph-OLEDs. The doping concentration of PtOEP varies from 0% to 20%. In 1% PtOEP doped 
Alqs OLED, the emission consists of PtOEP phosphorescent and Alqs fluorescent emission. 
The ELDMR current dependence of these two emission bands is identical in both 20K 
(enhancing) and room temperature (quenching). The enhancing resonance is attributed to the 
magnetic-resonance reduction of SE quenching by a reduced population of polarons. The 
quenching resonance is attributed to magnetic resonance enhancement formation of dianions 
at the organic/cathode interface. Both low temperature enhancing and room temperature 
quenching resonance of PtOEP phosphorescence decrease quickly with PtOEP concentration 
up to 6%. The results can be explained by assuming that the ELDMR of the guest emission is 
due to the effect of magnetic resonance conditions on the host SEs. A rate equation model is 
established to explain the evolution of the ELDMR with dye concentration. In the 20 wt.%-
doped devices, the spin-1/2 polaron resonance is quenching at all T and both jA/#//#.!, and 
the resonance linewidth, decrease with increasing 7; |A/#/7#,| is weakly current-dependent at 
both 20 K and 295 K. The resonance is tentatively attributed to magnetic resonance 
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enhancement of the spin-dependent formation of dianions/dications from polarons in the bulk 
organic layer. 
When an exciton extends on two different molecules, it is called exciplex. Exciplexes are 
interesting not only from the academics standpoint, but also due to their potential 
applications for tuning the emission color and producing white light. However, exciplex is 
normally not efficient and need to avoid. In Chapter 5, combinatorial matrix array technique 
is used to study exciplex formation in blends of two high glass-transition-temperature 
material: hole-transporter 2-TNATA, and electron-transporter and blue-emitter Spiro-DPVBi. 
The thickness of 2-TNATA:spiro-DPVBi blend layer and NPB layer are varied 
systematically. In devices with no NPB spacer layer, a green emission band similar Alq; 
increases dramatically with the blend thickness. By comparing the J-V characteristics and the 
driving voltage evolution of emission, the green emission was attributed to exciplex emission 
between 2-TNATA and spiro-DPVBi. This assignment agrees well with the energy level 
relationship. By inserting a NPB spacer layer between the blend and spiro-DPVBi, the 
exciplex can be effectively reduced. The efficiency of the device is closely related to the 
exciplex emission. This exciplex emission efficiency is found to be low and thus inserting 
NPB layer can effectively enhance the efficiency and obtain pure spiro-DPVBi blue emission. 
H. Recommendations for Future Research 
This dissertation presents ODMR results on fluorescent and phosphorescent dye doped 
small molecular OLEDs. Fluorescent dye doped OLED is also widely used to tune the color, 
increase efficiency and enhance lifetime of OLEDs. The future study could be the ELDMR 
and EDMR study of fluorescent dye rubrene doped DPVBi and /or DPVBi only OLED with 
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CsF as buffer layer. DPVBi is a highly efficient blue emitter and recently a white OLED 
(WOLED) based on lightly rubrene doped DPVBi structure obtains record-setting brightness 
for WOLED and is also the most efficient fluorescent WOLED reported. In addition, 
rubrene's SEs energy is about twice that of TEs, which might provide interesting physics 
related to TE-TE annihilation. 
2-TNATA also forms orange emission exciplex with Alqs. Since 2-TNATA:spiro-DPVBi 
emission can be tuned from green to blue, it is possible to make WOLED based on the two 
exciplexes. In addition, ODMR study of exciplex has not been reported, and it might also 
provide interesting physics. 
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